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GENETIC INSTABILITY IN NICOTIANA HYBRIDS. II. STUDIES OF THE 
Ws(pbg) LOCUS OF N. PLUMBAGINIFOLIA IN N. TABACUM NUCLEI 


ROM MOAV! 


Department of Genetics, University of California, Berkeley, California 


Received February 14, 1961 


T= paper is an extension of the investigations reported by Moav and 

CaMERON (1960). When the two distantly related species Nicotiana tabacum 
(n = 24), and NV. plumbaginifolia (n = 10) were crossed, the dominant charac- 
ters of plumbaginifolia (pbg) showed somatic variegation. The variegation of 
five pbg markers was studied in hybrids and hybrid derivatives: (1) Wh(pbg) 
a flower color factor which produces red flowers and anthers; (2) Tg(pbg) which 
also produces red flowers, but is easily distinguished from Wh(pbg); (3) Kl 
(pollen-killer) conditions pollen abortion in the hybrids; (4) Bs(Black shank) 
confers immunity to the Black shank disease; (5) Ws(pbg) a chlorophyll factor 
dominant over the ws of tabacum. CAMERON and Moav (1957) studied the be- 
havior of all five markers in various hybrid combinations of N. tabacum (tbc) 
and pbg, and in backcross derivatives. They suggested that the variegation was 
due to somatic chromosomal elimination. 

Since 1955 most of the research has been concentrated on the Ws(pbg) locus 
because it provides certain technical advantages. This work revealed (1) heredi- 
tary changes in the variegation intensity; (2) somatic and meiotic stabilization 
and (3) reversion of spontaneously stabilized loci to instability. Some informa- 
tion concerning the nature of the chromosomal components which control 


stability was also obtained. 
MATERIALS AND METHODS 


Cytogenetic techniques: To determine quantitatively the level of instability, 
counts were made of the number of variegated spots or stripes on leaves and 
flowers respectively. An accurate count was possible only when the number of 
spots per unit area was relatively small. About 300 SPL, (Spots per leaf) and 
about 100 SPF (Stripes per flower) were found to be the practical limits. This 
limitation was disadvantageous since the majority of hybrid derivatives fell in 
the uncountable range. 

Aceto-orcein smears of fresh PMC’s were studied at MI to determine the num- 
ber, relative size and meiotic behavior of the chromosomes in tested plants. The 
small size and large number of the thc chromosomes imposed a strict limitation 
on the possibility of detecting small morphological differences and low pairing 


frequencies. 
1 Present address: Botany Department, Hebrew University, Jerusalem. 
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Selfed progenies and testcrosses have been used to study transmission rates, 
linkage relationships, and non-homologous chromosome interchanges. Usually 
the contents of each capsule were germinated separately; thus, differences be- 
tween capsules gave a measure of intraplant variability. 

The interspecific backcross method was used for the isolation of individual 
chromosomes of pbg in the tbc nucleus. Essentially, this method consisted of 
crossing autotetraploid tbc (the recipient species) having the white-seedling loci, 
Ws, ws, ws; Ws:, with diploid pbg (the donor) and, by recurrent backcrosses of 
the partially fertile sesquidiploid hybrid to diploid tbc, specific pbg chromosomes 
were isolated very rapidly. Occasionally, interspecific chromosomal exchanges 
transferred the pbg marker to a thc chromosome to produce segmental substitu- 
tion types (CLAUSEN 1952). 


RESULTS 


In the first backcross generation (sesquidiploid x 2n tbc) all pbg markers under 
investigation exhibited extensive variegation. The second generation consisted 
of selfed and intercrossed progenies from first generation parents. Backcrosses 
were not used since the homozygous ws, ws tbc is lethal and the use of heterozy- 
gous thc (Ws, ws) is undesirable. 

Eight first. generation mottled plants were grown in 1953 and most of the 
subsequent studies of the Ws(pbg) locus were conducted with descendants of 
these plants (Moav 1957). The Ws(pbg) loci of all eight mottled plants were 
transmitted in a fashion typical for alien addition plants. 

A total of 21,323 offspring from the above eight mottled plants consisted of 
17,535 white seedlings and 3,788 (17.8 percent) green plants (Moav 1957). The 
mottling intensity of the green plants, as measured by number of spots per leaf, 
followed a continuous distribution with a primary mode corresponding to the 
parental SPL value (Figure 4a). Since stability is thus a matter of degree the 
250 SPL level was arbitrarily chosen to divide the population into two classes. 
Plants in the 0-250 SPL range are designated Stable-Ws (or S-Ws) and those 
with more than 250 SPL mottled. Counts of the latter plants were not attempted 
but they were sometimes divided (subjectively) into three classes: low-mottled, 
medium-mottled, and high-mottled. 

Mottled second generation plants: Slightly over 95 percent of the nonalbino 
plants were classified as mottled. The transmission rate of Ws(pbg) was ex- 
amined in seedlings from 79 plants. Only three (or 3.8 percent) had over 30 
percent transmission (Figure 1). The mean transmission in two of these three 
plants was about 60 percent with a very wide intercapsule variance. Cytological 
examination of meiosis in the two plants revealed that both were homozygous 
alien addition types (24tt+1pp). Although homozygous addition plants are 
expected to breed true, the transmission of the Ws(pbg) locus may be drastically 
reduced due to frequent somatic or meiotic elimination. The transmission rate of 
the third plant was about 40 percent. It showed 24II+fg at first meiotic meta- 
phase. In about one third of the equatorial plates one asynapsed pair was ob- 
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Ficure 1.—The distribution of transmission rates of Stable-Ws plants, compared with their 
mottled siblings. 


served. By comparing the chromosome numbers of albino and green (mottled) 
buds that developed on this plant it was found that the Ws(pbg) locus was located 
on a paired chromosome and not on the fragment (Table 5). On selfing this 
plant, ten of its offspring gave the following transmission rates (F, segregation) : 
mean of nine plants—40.2 percent green (range 33.9-49.1 percent); the tenth 
gave 97.4 percent green. These results show that the Ws(pbg) locus was trans- 
ferred to a thc chromosome but nevertheless the plants remained mottled. 

Somatic stabilization and reversion to instability: Occasionally, on a highly 
mottled plant, a solid green (Stable-Ws) leaf, shoot, or more frequently, portion 
of a leaf appeared. In one instance, progeny of such a green sector were grown 
and all the green offspring (a sample of 15) were uniformly stable (mean: 15.8 


SPL, range: 8.5—33.5). 
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In order to obtain an estimate of the extent of this phenomenon, several mottled 
populations were examined for the presence of somatically stabilized tissues. Only 
large areas (over four square inches), where the stabilization was unquestion- 
able, were counted. The results are given in Table 1, and demonstrate that the 
stable areas were not restricted to a single plant or population but were charac- 
teristic of the instability phenomenon. In a similar fashion a S-Ws plant with a 
uniform SPL level throughout its main stem would occasionally produce com- 
pletely or partially mottled side shoots which represented somatic reversions to 
instability. Progeny from flowers of the main stem maintained the parental 
stability, and those grown from the mottled shoot remained mottled. For example, 
the SPL of three leaves on each of two shoots of one plant were counted. The 
mean of one shoot was 37.3 SPL and that of the other 212.7. The 15 offspring of 
the second shoot were very uniform with a mean similar to that of their parent 
shoot. This may be compared with a stable plant (16 SPL) that developed a 
highly mottled side shoot. Progeny of the mottled shoot maintained the in- 
stability. 

Sometimes somatic destabilization may be confined to a single leaf or, even 
more frequently, to only a portion of a leaf. Because of the technical difficulties, 
where the destabilization is only partial (say from 150 to 300 SPL), no quanti- 
tative evaluation has been attempted. 

Origin of the Stable-Ws(pbg) plants: Members of the second generation were 
divided among 40 populations (each population from a different capsule) repre- 
senting 19 different crosses of mottled plants (Moav 1957). The low proportion 
of S-Ws in all the populations (range: 0-4.6 percent) clearly indicates that 
separate stabilizations were responsible for the origin of the majority of the S-Ws 
plants. 

The 40 populations were grouped into eight classes according to their maternal 
parents. The grouped data were subjected to a chi-square test for homogeneity. 
The chi-square was 8.9 (7 d.f.) with a P value of about 0.20. On the basis of this 
test it was assumed that the probability of producing stable offspring was equal 
(or almost so) for all the eight parental plants. Next, a “between populations 


TABLE 1 


Somatic stabilization of the Ws(pbg) locus in mottled plants 





Plants with i stabilizations 








Sample Plants 
Plant type no. i==1 i=3 i=3 Total examined 

24tt+1p 1 3 1 0 5 25 
2 3 0 1 6 24 

24ttt-+p X 24tt 1 0 0 0 0 5 
2 0 0 0 0 12 

3 6 0 0 6 14 

+ 1 0 0 1 16 





The frequency of somatic stabilization was obtained by counting the number of green areas on the mottled leaves. Only 
spots big enough to be unquestionably due to actual change were counted. 
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within maternal plants” chi-square test yielded a chi-square value of 94.7 (32 
d.f.), with a P value lower than 0.0005. The above results favor the hypothesis 
that at least a certain proportion of the spontaneous S-Ws plants originated 
through premeiotic somatic stabilizations. The reason is that a meiotic origin 
should result in high intercapsule uniformity while premeiotic origin is expected 
to produce “clusters” of S-Ws plants which would tend to increase the inter- 
capsule variability. Although the exact proportions of meiotic and premeiotic 
stabilizations cannot be estimated it may be assumed that the great majority 
were of meiotic origin. These assumptions are based on the following reasoning: 
(1) Almost one half of the “between capsules” variance was contributed by only 
three of the 40 capsules, suggesting that only these three had a relatively high 
proportion of premeiotic stabilized S-Ws tissue; (2) In about 45 percent of the 
S-Ws plants the Ws(pbg) locus has been transferred to a thc chromosome (to be 
discussed later) ; it has been demonstrated (Moav 1958) that most of the chromo- 
somal interchanges leading to the transfer were non random and probably 
meiotic events involving residual chromosomal homology. 

Distribution of the mottling intensity: The average number of white spots per 
leaf of the S-Ws plants was estimated by counting all spots on three to five mature 
leaves of the main stem. The mean SPL of 50 S-Ws plants was plotted in a bar 
diagram (Figure 2). The mode was found to be at the 0-10 SPL level, (25 plants) 
and from there the frequency decreased very rapidly to about 50 SPL, where it 


























25 | | | | es i 
237 x S-Ws self-green progeny of 7a 
mottied heterozygous addition 
21} porents. 
—1\— L 
Ls XX Statistical evidence showed ai 
12 that at least most of them had 
2 originated independently. 
c 
2 io <q 
a 
e: — 
° —4 
— _ 
og 
2 
E et 4 
= 
4t— onl 
| sail 
(nae eee eee ee 
20 40 60 80 100 120 140 160 180 200 220 


SPL 


Ficure 2.—Distribution of the average number of white spots per leaf (SPL) in a sample of 
51 Stable-Ws* plants of independent** origin. 
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levelled off and remained approximately constant at a very low level. Although 
counts above the 250 SPL level were not attempted, the proportion of ligh:t- 
mottled (about 250-700 SPL), and medium-mottled (about 700-1500 SPL) 
plants, suggested a rather even distribution throughout the whole range up to 
the proximity of the parental mottling intensity (Figure 4a). 

In the great majority of S-Ws plants the leaf-to-leaf variation was very small 
in relation to the interplant differences. The “between” and “within” mean 
squares of the sample were found to be 9082 and 186 respectively, giving a very 
high variance ratio of 49, demonstrating the relatively high intraplant uni- 
formity. A few exceptional plants exhibited a considerable “between leaves” 
variability. 

Parent-offspring mottling correlation and reversions from Stable-Ws(pbg) to 
mottling: When selfed offspring of S-Ws plants were grown, the mottling in- 
tensity of the majority was very close to that of their parents (Table 2). However, 
a few plants deviated widely, some becoming more stable than their parents and 
some less stable. The majority of the more stable offspring represented homozy- 
gous segmental substitution lines. Some, however, were heterozygotes and prob- 
ably products of a second stabilization step leading to a more stable condition of 
the chromosome segment carrying the Ws(pbg) locus. The offspring with the 
higher mottling intensity apparently represented partial or complete reversions 
to instability. It seemed that the degree of reversion was spread over the whole 
mottling range, from an increase of only a few spots to an intensely mottled 
condition. It is interesting to note that S-Ws plants with only one SPL may pro- 
duce reversions (Table 2) even when the Ws(pbg) locus has been introgressed 
into a thc chromosome. 

When the progeny means (excluding the widely deviant exceptional plants) 
were plotted against the SPL values of their parents, a strong positive correlation 
was evident (Figure 3). The presumed mode of inheritance of the degree of 
mottling intensity is shown schematically in Figure 4. The upper curve repre- 
sents the distribution in progeny of the 24II+-1 Ws (pbg) plants which carry the 
unstable unmodified Ws(pbg) chromosome before it underwent stabilization. 


TABLE 2 


Reversions to higher mottling intensity in progenies of “Stable-Ws” plants 





Parental plants Progeny mottling in SPL 





No. Chromosomes SPL Mean* Ranget+ Reversions 
1 QAI 114.6 83.3 55-117 
2 231I+21 31.8 16.0 3.5-27 1-79 SPL, 1-100.7 SPL 
3 241I+-11 11.8 4.3 0-7.7 1-120 SPL, 1-highly mottled 
4 2411 3.8 at 0-2.7 1-medium mottled 
5 2411 12 3.0 1.7-6 1-18.7 SPL 
6 241 1.0 0.5 0-10.3 1-46 SPL, 1-light mottled 
7 2411 0.6 0.31 00.7 








* 10-14 plants in each progeny. 
+ Excluding exceptional plants. 
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Ficure 3.—Correlation of mottling intensity between Stable-Ws(pbg) plants and means of 
their offspring. 


The lower curves represent distributions in selfed progenies of parents possessing 
Ws(pbg ) at various degrees of stability. 

Distribution of transmission rates in the Stable-Ws(pbg) populations: The 
transmission rate of the Ws(pbg) locus of 121 S-Ws plants of presumably inde- 
pendent origin was experimentally determined (Figure 1). The range of trans- 
mission could be divided into three groups suggested by the shape of the density 
contours. It also corresponds to three different major classes of genotypes: (1) 
The heterozygous addition class (0—32.5 percent); (2) The segmental substitu- 
tion class (32.5-77.5 percent); (3) The double-Ws(pbg) class (77.6—-100 per- 
cent) composed of several subclasses. 

Supplementary verification of the results of selfing was obtained from back- 
crosses of S-Ws plants to “‘albino” flowers. In some instances, where selfing failed 
to yield functional seeds, backcrossing was the only way of obtaining offspring. 

Class (1): The heterozygous addition class (range 0-32 percent, mode 20 per- 
cent): The proportion of green seedlings in this class was similar to that of the 
original unmodified Ws(pbg) chromosome of the highly mottled parents, sug- 
gesting that the Ws(pbg) locus became stable without any gross chromosomal 
alteration, (this is supported by direct cytological observations, Table 4). The 
representative constitution of this group was 24tt+1p (S-Ws). The mean, mode 
and range were somewhat higher than those of their mottled counterparts 
(24tt+1p [mottled-Ws]). These differences may be explained by the presence 
of “albino” spots in the “mottled” sporogenous tissues, and occasional elimina- 
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Ficure 4.—A schematic presentation of the distribution of Ws(pbg) mottling intensity in 
progeny of parents with various degrees of instability. Mean number of Spots Per Leaf drawn 


on a natural logarithm scale. 


tion of Ws(pbg) from gametophytes and zygotes of the mottled plants. However, 
the relatively high proportion of individuals in the 27.6—32.5 percent subclass 
appears to be somewhat too high for an unmodified, unpaired single chromosome. 
A possible explanation may be the attachment of a small thc segment to the 
Ws(pbg) chromosome, a segment big enough to stabilize the chromosome and 
slightly increase the transmission, but too small to be detected cytologically. 
Other possible explanations are: (1) a chance effect; (2) aberrations in the tbc 
background favoring the Ws(pbg ) carrying gametes. 

Class (2): The heterozygous segmental substitution class (range 32.6-77.5 
percent, mode 65 percent): The majority of this class could be represented by the 
formula 23tt+(t+tp), where tp is an exchange chromosome composed of tbc 
and pbg segments carrying the Ws(pbg) locus. Assuming no differential reduc- 
tion in zygotic viability, gametic reproductivity and occurrence of meiotic pairing 
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of the tp chromosome, its transmission should be 75 percent. However, these 
assumptions are only rarely valid, so one expects a somewhat lower transmission. 
This was actually the case in the great majority of the plants that have been 
tested. 

In addition to the 23tt+(t+tp) type, the lower part of the range was partially 
occupied by trisomics with one exchange chromosome—23tt+ (t+t+tp), and 
heterozygous substitutions of a complete pbg chromosome—23tt+ (t+p). In the 
upper part of the range probably a few representatives of the double-Ws class 
were present. 

Class (3): The double-Ws(pbg) class, (range 77.6-100 percent, mode 90 per- 
cent): This class was composed of several groups whose common feature was the 
presence of more than one Ws(pbg) locus. In the present sample of 121 plants 
only nine were in this category. 

Following are the major double-Ws(pbg) types: (1) 22tt+(t+tp)+(t+tp)— 
double segmental substitution types which are products of independent intro- 
gression of two Ws(pbg) loci into two non-homologous thc chromosomes, one 
from the male and one from the female parent; (2) 23tt+(t+tp+tp)—with a 
trisome including one unmodified thc chromosome and two tp chromosomes; (3) 
23tt+ (t+tp+p)—also having a trisome with one unmodified thc, one tp, and one 
unmodified pbg chromosomes; (4) 24tt+-pp,—homozygous addition types includ- 
ing a pair of unmodified pbg chromosomes; (5) 23tt+-pp,—homozygous substitu- 
tion types. 

Segregation of two Ws(pbg) chromosomes: Some mottled and some S-Ws 
plants, each possessing two Ws(pbg) chromosomes (24tt+1pp), were found in 
the second and third generations (Table 3). Their transmission rates were vari- 
able depending on the stability level of the Ws(pbg) chromosomes; the higher 
the instability the lower the proportion of green offspring. Even within the same 
plant considerable variability existed from capsule to capsule, presumably due 
to unequal albino areas in the sporophytic tissues. 

When the two Ws(pbg) chromosomes were at different stability levels, the 


TABLE 3 


Segregation of two Ws(pbg) chromosomes in 2511 plants 





Parental plants Percent transmission* 








No. SPL S-Ws Mottled Albino Total 
1 high mottling 1.4 67.1 31.5 70 
2 high mottling 2.5 57.5 40.0 120 
5 38.3 61.2 28.6 10.2 98 
+ 24.3 49.0 35.6 15.4 104 
5 0.7 100.0 0.0 0.0 100 
6 0.3 66.7 22.5 10.8 111 
7 0.0 99.2 0.8 0.0 133 
8 0.0 66.1 25.0 8.9 112 
9 0.0 91.0 0.0 9.0 101 





* Counted only two weeks after germination, so there was less accuracy in classification of the S-Ws and mottled plants.. 











1078 R. MOAV 


more stable one acted as a dominant since only one Ws(pbg) allele was needed 
for the normal production of chlorophyll. On selfing, roughly a 3:1 segregation 
was expected. The results show that this was actually the case. These results 
were also supported by testcrossing to homozygous recessive flowers. The segrega- 
tion of the stable and unstable chromosomes according to expectation apparently 
means that they do not modify each other when present in the same nucleus. 

Correlation between stabilization and Ws(pbg) transmission: Increase in the 
transmission rate of the Ws(pbg) locus was primarily due to chromosomal inter- 
changes between the Ws(pbg) chromosome and one of tbc. Thus, a correlation 
between stabilization and increase in Ws(pbg) transmission was essentially a 
correlation between stabilization and transfer of Ws(pbg) to a thc chromosome. 

In a sample of 121 S-Ws individuals, 55 (45 percent) had a transmission rate 
higher than 35 percent, compared with only three (4 percent) mottled plants of 
the same category (Figure 1). This demonstrates the strong correlation between 
transmission rate, or the transfer of Ws(pbg) to a thc chromosome, and stabiliza- 
tion. Surprisingly, within the S-Ws range (0-250 SPL), this relationship was 
not detected. That is, within the 0-250 SPL range there was apparently no cor- 
relation between the level of stability and transmission rate of the Ws(pbg) 
locus. 

Chromosomal distribution: The chromosome numbers of 34 spontaneously 
occurring S-Ws plants were determined, 24II and 23II-+III being the only types 
which represented chromosomal exchanges between the Ws(pbg) and tbe chro- 
mosomes. These two were confined entirely to the class with 32.6—75.5 percent 
transmission (Table 4). Each of the cells in the 0—32.5 percent class included at 
least one unpaired chromosome or fragment. These observations show good agree- 
ment between cytological and genetic results and they lend weight to the hy- 
pothesis (to be discussed later) that the Ws(pbg) chromosome may stabilize 
without undergoing chromosomal interchange with a member of the thc genome. 

Analysis of albino buds: Occasionally a completely albino flower bud or branch 


TABLE 4 


Ws(pbg) transmission of 34 independent Stable-Ws plants 





Percent transmission of Ws(pbg) 
0--32.5 32.6-77.5 77.6-100 


8 


Chromosome constitution® 


24II 
2311-+I11 
2311-+21 
241I-+fg 
241I-+1 
241I-+1+fg 
2411-+21 
2411-+11I-+-1 
2411-+31+ 
2511 





—~rPre OOK OF OO 


SoOoNnNNDRKR COCO 
SoCo WCOWRK Kb 





* Plants of the second generation, some contain extra pbg chromosomes in addition to the Ws(pbg) chromosome. 
+ One univalent was abnormally large. 
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developed on mottled plants. Selfed progenies from these flowers consisted of only 
albino seedlings but when backcrossed in either direction to homozygous green 
plants only green seedlings resulted. When backcrossed to 24tt+p(Ws) mottled 
plants the progeny segregated for albino and mottled according to expectations. 

The chromosome constitution of at least one albino and one mottled bud was 
determined in each of five mottled plants (Table 5). In each case the albino buds 
were deficient for a whole chromosome as compared with the corresponding 
mottled buds. In two additional plants, only albino buds were examined and both 
had only 24II but genetic evidence (Table 5) showed that the mottled part of 
the plants possessed 24II+1I chromosomes. These observations directly associate 
the albino phenotype with a somatic loss of a whole chromosome. They do not 
explain how the chromosome was lost, but it should be noted that not a single 
chromosome fragment of the Ws(pbg)-carrying chromosome was observed in 
any of the ten albino buds which were examined. 

Backcrosses of the Wh(pbg) selection lines: When a sesquidiploid plant with 
variegated flowers (wh,wh,Wh) was backcrossed to homozygous recessive tbc 
(wh,wh), a total of 35 offspring were grown and eight had colored flowers. Of 
these, five were highly variegated, one almost fully colored and one completely 
self-colored, (results recorded by Proressor R. E. CLausENn). 

The transmission of the Wh(pbg ) locus in the first and subsequent generations 
was about three percent (Table 6) a considerably lower figure than the expected 
ten to twenty percent. This low transmission could have been due to reproductive 
disadvantage of the gametes and/or zygotes carrying the Wh(pbg) chromosome. 

The Wh(pbg) locus has also been stabilized independently several times. Lines 
derived from two independent S-Wh individuals were grown for five and four 
generations. The observed transmission of Wh(pbg) for various members of 
these lines are given in Table 7. Although chromosomal interpretation of the 
observations is rather complicated, it was clear that in both lines interchange 
with thc chromosomes had taken place. 

The degree of stability of Stable-Wh derivatives: A survey of the colored- 
flower plants of 21 S-Wh progenies grown in 1955 revealed that most flowers of 
nearly every plant had some white stripes. The number of stripes on five flowers 


TABLE 5 


Chromosome numbers of albino and mottled flower buds borne on the same plants 














No Percent transmission Chromosome situation 

Plant no. albino buds of mottled buds Albino Mottled 
4631-7 2 14.3 241I+-2T 241I+-3I* 
4R06-—4 1 15.3 2411 241I+-I 
4R09-5 1 14.8 2411 241I-+-I 
4R23-3 1 40.0 231I+-I+-fg 241I+-fg 
6R16-4 3 8.4 2411 o41I-+1 
6R16-5 1 9.0 2411 cas 
6R16-20 1 18.7 2411 





* One chromosome (which is missing in the albino bud) was very large. 
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TABLE 6 








Female transmission 

















Parental 
plant no. Chromosomes Percent Wh Total 
49456-11 23II+-2I-+-fg 0.0 85 
-13 23II+-I 0.0 93 
-15 ie SF 91 
-29 231I+-41 9.4 43 
—32 2411-+-3I-+-fg §.3 38 
—35 24T1+-21 5.4 37 
-37 2411-+-5I-+ fg 4.9 41 
50435-5 ee 2.0 50 
—28 241I-+-I 3.0 100 
50436-5 24II+-I+fg 6.3 96 
50437-32 24II+-I 1.0 100 
—7 eae 4.1 49 
50438-29 231I+-2I 2.0 50 
Total | 873 
From records of R. E. CLausen. 
TABLE 7 
Transmission rates of Wh(pbg) in the “Stable-Wh” selection lines 
Transmission 
Parental Female Male 
plant no. Chromosomes Percent Total Percent Total Percent Total 
Line I 
50437-17* 231I+-21 32.6 92 34.1 91 ete caf 
§2413-1 6.1 49 8.5 47 0.0 43 
51536-2 41.3 46 16.6 187 2.0 49 
52415-18 19.0 42 8.5 47 10.3 29 
524141 13.0 36 46.8 47 0.0 48 
-11 : 19.1 47 15.2 46 0.0 45 
5241640 2411 38.3 47 48.7 39 2.5 40 
54433-35 231I+I 23.9 46 36.7 48 6.1 49 
54436-5 2411 $5.3 47 40.0 50 20.0 45 
—30 2411 70.2 47 52.0 50 36.0 50 
Line II 
50438—-43* 22TI-+-41 ers 25.6 39 re re 
§2417-2 : 6.0 50 14.0 50 2.0 49 
-8 231I+-21 12.5 48 19.0 47 2.0 49 
53455-7 23II+-2I 35.4 48 36.0 50 sais hg 
54446-1 231I-+-21 33.3 50 24.5 49 17.8 45 
54449-23 241I-+-fg 6.4 47 7.0 43 0.0 50 
—24 24TI-+-I 2.8 36 $1 39 0.0 50 








* The spontaneous Stable-Wh from which the line originated. 
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was counted on each of three to six plants of five S-Wh populations (Table 8). 
Only three of 120 flowers were completely free of variegation. An analysis of 
variance revealed that the “within plants, between flowers” mean square was 
small (109.5) relative to the “between plants” variance (686), a variance ratio 
of 6.24 (P = 0.0005). This variance ratio is much smaller than the equivalent 
variance ratio (48.9) which was obtained for albino spots on the leaves. A prob- 
able reason for this difference is that each of the analyzed S-Ws plants originated 
through separate stabilizations, while all the analyzed S-Wh plants were de- 
scendants of a single stabilization of Wh(pbg). This also explains the relatively 
small differences among the S-Wh progenies. 

Reversions of Stable-Wh to variegation: Throughout the experiments, 72 popu- 
lations of S-Wh progenies were grown, involving a total of 3363 plants, of which 
750 were S-Wh, three (0.398 percent) were variegated the remainder being 
white. The three reversions (variegated plants) originated in three different 
progenies and in different years: (1) a partial reversion (lightly variegated) 
with 23II+2I; (2) a partial reversion with 24II; (3) a complete reversion with 
2411+ fg. In a casual single-day field survey of S-Wh progenies, the following 
were observed: a single highly variegated flower on one S-Wh plant and several 
partially variegated flowers, where only a segment of the floral tube was varie- 
gated, on a number of otherwise S-Wh plants. 

The above results demonstrate that meiotic and somatic reversions took place 
in the Wh (pbg) selection lines just as in the Ws(pbg) lines. 


DISCUSSION 


Ten albino flowerbuds that developed on mottled backcross hybrid derivatives 
(241I+I) were each deficient for one chromosome when compared with mottled 
buds of the same plants (Table 5). This observation provides evidence that the 
variegation of the Ws(pbg) locus was due to loss of a whole chromosome. The 
following points also support the same conclusion: (1) Thousands of selfed off- 
spring of “albino” flowers which developed on mottled plants were white seed- 
lings (2) The linked loci, Bs and K/ were always lost together (CAMERON and 
Moav 1957). (3) A high frequency of bridge-like structures occurred in mitotic 


TABLE 8 
Number of white stripes per flower of Stable-Wh hybrid derivatives 








Plant no. 

Progeny no. 1 2 3 + 5 6 
55453 2.2* 9.2 29.8 14.6 18.6 46.0 
55454 14.2 21.8 14.0 15.6 16.6 ab! 
55455 2.6 2.6 16.2 oe a 
55456 3.2 6.6 4.6 41.6 2.6 
55457 11.6 24.4 21.0 7.8 21.6 





* Each value is a mean of five flowers. 
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anaphases of variegated tbhc-pbg hybrids (Ar-rusHp1 1957). Kostorr (1935) 
suggested that flower variegation in Nicotiana hybrids was due to point mutations 
rather than loss of chromosomes . . . “The appearance of the white stripes in the 
species hybrid cannot be due to loss of chromosome or chromosomes, because 
reverse changes from white to red occur too, and the normal chromosome num- 
bers, characteristic of the hybrids, were counted in the pollen mother cells of 
F, .. .”. That these explanations are inadequate as proofs of his contention be- 
comes clear from the following considerations: (1) Anthocyanin flower pigmen- 
tation is confined to the single epidermal layer of the corolla tube. Thus, a migra- 
tion of a cell from the middle layers of the floral meristem into the protoderm is 
the simplest and most likely explanation for the occasional red spots in white 
areas; (2) The variegation intensity in most of Kostorr’s hybrids was low, and 
therefore the complete set of chromosomes should have been found in the majority 
of the hybrid pollen mother cells; (3) Due to the large number of unpaired chro- 
mosomes and the presence of atypical bivalents an exact determination of the 
chromosome number in Kostorr’s hybrids was exceedingly difficult. 

The pbg chromosomes of the thc-pbg hybrids were unstable in their own cyto- 
plasm as well as in the thc cytoplasm, while the thc genomes maintained relative 
stability in both. There was equal male and female transmission of the “Stability 
state” at the various mottling levels. When Stable-Ws and mottled chromosomes 
were present in the same plant they maintained their stability levels and segre- 
gated in a Mendelian fashion. Thus, there appears to be no evidence favoring a 
cytoplasmic determination of variegation. 

Evidence that spontaneous changes of the stability levels were due to changes 
in components of the affected pbg chromosomes themselves rather than to modi- 
fications in the genotypic background: The two parental species were naturally 
self-pollinated, and have been maintained by self-pollination for many genera- 
tions. This ensured a homozygous tbc background and eliminated the possibility 
of polygenic segregation. The appearance of fully-green tissues on highly mottled 
plants without gradations cannot be explained on the basis of multiple changes 
at many loci. The only occasions when approximately monofactorial Mendelian 
ratios were observed, were in progenies of plants possessing two Ws(pbg) chro- 
mosomes, one stabilized and one unstable. The high correlation between stabiliza- 
tion and a transfer of the pbg locus into a thc chromosome showed that stabiliza- 
tion in many cases was a by-product of chromosomal exchange involving the 
affected pbg chromosome. The strong correlation between SPL of heterozygous 
parents and their progeny showed again that the control of variegation was in 
the Ws(pbg) chromosomes themselves. 

On the basis of the above observations it seems reasonable to assume that the 
spontaneous changes in the variegation intensity were primarily due to changes 
in the stabilized pbg chromosomes themselves. Since the instability phenomenon 
was basically due to interaction between the individual pbg chromosomes and 
some elements of the thc genome it is also highly probable that some aberrations 
in the thc chromosomal complements will be found effective in modifying the 
stability level of the pbg chromosomes. 
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Can spontaneous stabilization take place without a chromosomal exchange? 
The appearance of green individuals with 241I or 23II+III in selfed progenies 
of 24II+I heterozygous alien addition plants (ws,ws,Ws(pbg)) may be con- 
sidered evidence for the introgressive transfer of Ws(pbg) to a tbc chromosome. 
The transmission of the alien chromosome in the 241I+I plants was about 10- 
20 percent. However, when transferred to a thc chromosome, it acquired a pair- 
ing partner and transmission should have increased to about 50-75 percent. Thus, 
a progeny test should reveal whether the Ws(pbg) locus had been transferred to 
a tbc chromosome or had remained in its structurally unmodified pbg chromo- 
some. The simplest explanation apparently is that pbg chromosomes in the higher 
transmission groups were stabilized by a gross replacement of part of their chro- 
matic material with that of a thc chromosome, while in the lower transmission 
group stabilization was due to a mutational change within the pbg chromosome 
alone. If this explanation is correct, it indicates the existence of two alternative 
methods of spontaneous stabilizations, one a mutational change within the pbg 
chromatic material, and the second, its replacement with thc chromatin. This 
was supported by several comparisons of progenies of somatically stabilized 
shoots and progenies of mottled regions of the same plants (Moav 1957). 

There are at least two additional alternative explanations for the origin of the 
‘low transmission” stable group. It could be that the length of the thc segment 
attached to the Ws(pbg) chromosome may vary. Thus, when a small tbc seg- 
ment is exchanged it would give a low frequency of meiotic pairing, too low to be 
detected cytologically, and consequently a low transmission which would not 
vary appreciably from that of the original pbg univalent. The hypothesis that 
the length of the attached thc chromosome is a continuous random variable re- 
quires a gradual decline of the density contour in Figure 1. The distinct multi- 
modality of the distribution of transmission rates and especially the sharp break 
at the 30-40 percent level represents strong evidence against the latter hypothe- 
sis, and is a good indication that a qualitative difference separates the low and 
higher transmission groups. It may be argued therefore, that due to residual 
homology, or other causes, exchanges could have taken place at specific points in 
the thc genome which would transfer only a very small tbc segment to the pbg 
chromosome. 

Two specific possibilities may be outlined: (1) If we assume that the “stability 
control” region is in the centromere region and that this region may be replaced 
with the centromere and small arm of a subterminal thc chromosome, it may give 
rise to a stable pbg chromosome that may appear unmodified (all pbg chromo- 
somes are subterminal) ; (2) If the “stability control” is in a terminal region, an 
exchange with a tbc chromosome would make it stable and it would still appear 
to be unmodified. Both the centromere region and the chromosome tips of the 
pbg chromosomes are presumably heterochromatic (GoopsPEED 1954) so it may 
be that the low-transmission Stable-Ws subgroup (24tt+1p) originated through 
heterochromatic exchange (due to heterochromatic stickiness?) between the 
unstable pbg heterochromatin and the stable thc heterochromatin. 

Localization of the hypothetical stability determiners: The experimental evi- 
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dence established that the stability control was to be found in the individual pbg 
chromosomes themselves, which means that each one of them should possess some 
components that control its stability state when present in tbe nuclei. The follow- 
ing evidence indicated that they are concentrated in a relatively small region, 
(or regions) of the chromosomes: (1) The univalents of 24II+I Stable-Ws and 
Stable-Wh plants were visibly as large as the original unstable pbg chromosome 
showing that removal or a change of just a very small region of the chromosome 
may modify its stability. Similarly, homozygous addition types (25II) in stable 
and unstable conditions have shown no detectable size differences; (2) The high 
correlation between chromosomal exchange with a thc chromosome and stabiliza- 
tion of the Ws(pbg) locus may mean that the exchange has removed the in- 
stability elements. The occasional occurrence of unstable introgressed types may 
be due to an exchange of segments that did not replace the stability determiners; 
(3) If the stability determiners were spread throughout the chromosome, then a 
correlation of chromosome size and instability level should have been found. Such 
a correlation has not been found; (4) In a Stable-Wh selection line, two stable 
sublines were obtained, one with 24II+I, and the second with 241I+fg. No sig- 
nificant difference in the stability levels of the two lines was detected; (5) If the 
stability determiners were spread throughout the entire length of the chromo- 
some, crossing over between two pbg homologues in 25II cells, where one chro- 
mosome was highly unstable and the other stable, should yield chromosomes 
composed of varying proportions of parental segments. Thus, their selfed progeny 
should be approximately normally distributed with a mode intermediate between 
the two parents. The experiments showed that in the above situation the distribu- 
tion was bimodal with a mode at each parental level. In view of the above con- 
siderations, it may be concluded that the stability determiners were probably 
localized in specific regions of the individual pbg chromosomes. 

The cytological nature of chromosome instability: The present investigations 
have established that the variegation in the thc-pbg hybrids is due to frequent 
somatic elimination of entire pbg chromosomes. It still remains to be determined 
how, exactly, they are eliminated. Some clues are already available. Kostorr 
(1935) and Ar-rusHpr (1957) observed a high frequency of bridge-like struc- 
tures, and some laggards and fragments on mitotic spindles in the above and in 
related hybrids. Both authors suggested a causal relationship between bridge 
formation and chromosomal elimination. Although their photographs of the chro- 
mosomal bridges were similar, their interpretation differed widely. Kostorr 
suggested that the bridges were due to “heterochromatic stickiness” between 
chromosomes, one from each parental species. This interpretation was not based 
on experimental grounds. It is inadequate since it has been demonstrated that the 
chromosomes of only one parental species may be unstable. Mitotic bridges were 
found by Ar-rusHo1 in 24II+I variegated plants where only the unpaired chro- 
mosome seemed to be unstable. He reasoned that, . . . “The possible origin of these 
bridges was traceable to a relative lag in the poleward movement or in the con- 
traction of occasional anaphase chromosomes . . . the development of the cell wall 
deleted fragments of such chromosomes by pinching off a distal segment, . . . 
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sister chromatic union of broken ends leads to the formation of dicentric bridges 
. once a dicentric bridge is formed, it undergoes the breakage-fusion-bridge 
cycle in subsequent divisions.” 

Ar-RUsHDI’s hpyothesis is incompatible with the following experimental find- 
ings: (1) The presence of 24II-+I stabilized plants (Figure 1, Table 4); (2) The 
high correlation between mottling intensity of parents and the mean mottling 
intensity of their offspring (Table 2, Figure 3); (3) Mitotic stabilizations (Table 
1); (4) Somatic and meiotic reversions (Table 2). Arn-rusHp1’s contention that 
““’.. this white area increased very definitely with the progressive formation of 
flowers” is not shared by the present writer. Indeed, there seemed to be an in- 
crease in the variegation intensity as the hybrids grew older. This may easily be 
mistaken for a progressive increase of the spot size. In the backcross derivatives 
the same stability level was generally maintained throughout the plant’s life. 
Frequent breakage-fusion-bridge cycles should result in chromosomes of highly 
variable length. Contrary to Ar-RuUsHD1I’s reports, examinations of thousands of 
PMC’s of many highly unstable plants (including many of the lines with which 
Ar-RUSHDI worked) gave no indication for such variation. Fragments were often 
found in PMC’s but they were usually uniform throughout the entire anther and 
appeared as stable products of single mitotic aberrations. Variegation due to 
independent initiations of B-F-B cycles in different parts of the same plant should 
result in a high intraplant variability. However, relatively high intraplant uni- 
formity was observed and measured in most hybrid derivatives. A thorough ex- 
amination of ten albino buds that developed on mottled plants did not reveal a 
single newly formed fragment (Table 5). If a B-F-B cycle was responsible for 
the initiation of the albino buds, at least some small fragments would be expected. 
The distinctly quantitative nature of the variegation intensity of both Ws(pbg) 
and Wh(pbg) (Figure 4) could not be explained by the B-F-B hypothesis with- 
out the introduction of complex assumptions. 

Several additional remarks concerning Ar-RusHDpI’s paper should be made: 
(1) None of the figures of presumably “dicentric chromosomes” could be dis- 
tinguished from chromosomal fragments. (2) All the figures of “‘a cell wall pinch- 
ing off a laggard chromosome” could very readily be interpreted as broken, late 
anaphase bridges. (3) Ar-rusHp1’s Figure 4 of a “short dicentric bridge” repre- 
sents, according to his sketch 4a, a metacentric chromosome. But all N. plumba- 
ginifolia chromosomes are strictly subterminal (GoopsPEED 1954). (4) Concern- 
ing the “considerable variability in the frequency of anaphase bridges among the 
roots of a given plant...” It seems unlikely that the pbg chromosome was present 
in the root tips which showed no bridges. In other words, many of the root tips 
were the equivalents of the “white streaks” of the flowers, and the “albino spots” 
of the leaves. This is supported by the results presented in Table 5 and the fact 
that in 26 root tips of 24II+I (or 24II+fg) plants studied by Ar-rusuo1, 17 had 
no bridges, and eight had over ten percent bridges. 

The following is an outline of a speculative proposal which would not be in 
conflict with any of the instability phenomena which have been determined 
empirically. It could be used as a tentative basis for future testing. (1) The 
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“stability determiners” are assumed to be in the heterochromatic regions of the 
chromosome tips (or in the vicinity of the centromere) ; (2) Occasionally during 
mitotic anaphase the sister centromeres move normally to the spindle poles, but 
the heterochromatic tip fails to separate (stickiness of a specific region); (3) 
This stickiness produces a bridge-like structure in late anaphase and telophase 
(the conjoined chromatids may thus be eliminated from the nucleus); (4) 
Spontaneous changes in the variegation intensity may be due to a replacement 
of the sticky heterochromatin with tbc heterochromatin, or to changes in the 
sticky heterochromatin itself. It is possible, for example, that the larger the 
amount of pbg heterochromatin at the tip, the higher would be the proportion of 
mitotic divisions in which it would become sticky and be eliminated. 


SUMMARY 


All hybrid combinations of Nicotiana tabacum (n = 24) and N. plumbagini- 
folia (n = 10) showed somatic variegation of dominant characters which were 
carried on the pbg genome. It was established by various direct and indirect 
procedures that the variegation was due to somatic elimination of whole chromo- 
somes. Five pbg markers were studied in the present and previous work and all 
behaved in a similar fashion. Most of the quantitative work was done with 
Ws(pbg), a chlorophyll locus dominant over ws of the which inhibits chlorophyll 
production. Backcrosses of the sesquidiploid hybrid (24tt+10p) to diploid thc 
(24tt) resulted in a marked increase of the variegation intensity. This was at- 
tributed to the resolution of the pbg genome into individual chromosomes. By 
recurrent backcrossing to tbc, 24tt+1p plants were obtained where the univalents 
carried the marker under study. The great majority of these plants were highly 
unstable; however, some (about one percent) became completely or relatively 
more stable. 

It was found that the instability, as measured by the number of variegated 
spots, was a quantitative character having a continuous distribution. In about 
45 percent of the spontaneously stabilized Ws(pbg) loci they were found to be 
transferred to a thc chromosome. When progeny of the spontaneously stabilized 
derivatives were grown, their stability level was similar to those of their parents. 
However, a small proportion reverted to high variegation intensity. Somatic 
stabilization of variegated plants and somatic reversions to instability occurred 
at a low rate. 

Mitotic bridge-like structures in thc-pbg and other related hybrids have been 
observed; however the exact cytological nature of the chromosomal elimination 
is still to be found. 

It has been postulated that each of the pbg chromosomes has specific regions 
which control its stability level when inserted into a tbc nucleus. The evidence 
suggests that these regions were likely to be located in the vicinity of the centro- 
mere or at the distal chromosome ends. It seems probable that the postulated 
stability determiners may undergo spontaneous changes which alter the fre- 
quency of the somatic chromosomal elimination. 





ns 
ce 


od 


LEVEL OF INSTABILITY 1087 
ACKNOWLEDGMENTS 


The current study was guided through its early phases by the late Proressor 
R. E. Ciausen. Sincere thanks are extended to Dr. Donatp R. Cameron for his 
continuing guidance and advice, to Dr. E. R. Dempster and Dr. RurH GuTTMAN 
for their helpful suggestions and for critical reading of the manuscript. 


LITERATURE CITED 


Ar-rusHpi, A. H., 1957 The cytogenetics of variegation in a species hybrid in Nicotiana. 
Genetics 42: 312-325. 

Cameron, D. R., and R. Moav, 1957 Inheritance in Nicotiana tabacum. XXVII. Pollen killer, 
an alien genetic locus inducing abortion of microspores not carrying it. Genetics 42: 326- 
335. 

CiausEN, R. E., 1952 The cytogenetics of introgression. (Abstr.) Science 115: 481. 

GoopsPeeED, T. H., 1954 The Genus Nicotiana. Chronica Botanica Co. Waltham, Mass. 


Kostorr, D., 1935 On the increase of mutation frequency following interspecific hybridization 
in Nicotiana. Current Sci. 3: 302-304. 


Moavy, R., 1957 Somatic chromosome instability in Nicotiana hybrids. Ph.D. thesis deposited 
in the University of California Library. 
1958 Inheritance in Nicotiana tabacum. XXIX. The relationship of residual chromosome 
homology to interspecific gene transfer. Am. Naturalist 92: 267-278. 


Moay, R., and D. R. Cameron, 1960 Genetic instability in Nicotiana hybrids. I. The expression 
of instability in N. tabacum X N. plumbaginifolia. Am. J. Botany 47: 87-93. 








THE INFLUENCE OF LIGHT ON GENE FREQUENCY CHANGES 
IN LABORATORY POPULATIONS OF EBONY AND 
NON-EBONY DROSOPHILA MELANOGASTER 


M. E. JACOBS? 


Department of Biology, Bethany College, Bethany, West Virginia 


Received February 24, 1961 


HAT the mating behavior of ebony and non-ebony Drosophila melanogaster 

is influenced by light has been shown by RENvEt (1951) using the multiple 
choice method and Jacoss (1960) using the direct observation method. Both these 
authors found ebony flies to show greater sexual activity in the dark than in the 
light, while with non-ebony the converse was true. 

Laboratory population studies in which ebony competes with non-ebony have 
shown ebony to decrease in frequency to about ten percent and then to stabilize 
(L’Heritrer, Neers and Teisster 1937). In similar studies, Katmus (1945) 
found ebony to increase in numbers when the temperature and relative humidity 
were decreased from 25°C and 70 percent relative humidity to 12-15°C and ten 
percent relative humidity. The above authors postulated heterosis theories to 
explain stabilization of ebony following decline from an initial high frequency. 

The present study was undertaken with ebony and non-ebony from a wild 
population to determine whether light influences the frequency of ebony in 
laboratory populations and also whether the multiple choice method would show 
a difference in mating success between ebony, non-ebony, and the heterozygote 
under different lighting conditions. 


MATERIALS AND METHODS 


The flies used were ebony (e/e) and light tan (+/+) collected from a wild 
population at Beaufort, North Carolina (Jacoss 1960). In an attempt to random- 
ize genes away from the ebony locus so that the effects studied would be those 
differentially due to the e gene and its + allele, a series of crosses was continu- 
ously made. In the following description of these crosses, an asterisk indicates 
that the flies were grown at 25°C until pupation, at which time the pupae were 
placed at 15°C to cause development of a darker color of +/e as compared with 
+/+ to facilitate selection of +/+ for pure cultures. In all other cases, the flies 
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were cultured at 25°C. This series of crosses is as follows, with females on the 
left: 
P, e/ex +/+ 
P, +/aex 4/¢ 
+/+ 4/€ €/€ 
P, +/+ and e/e selected for pure cultures 
+/ex +/e 
+ a ie. SOs 6 
P, Repeat as for P, and add +/+ and e/e cultures to those previously 
selected as soon as homozygosity is proved. 


Homozygosity was proved by crossing numerous males from the presumed 
+/+ cultures x e/e females. This procedure has been continuously repeated as 
for P, and later generations for over three years io the date of the present investi- 
gation. 

To obtain flies for study, +/+ males and females were placed in a five-liter 
wide mouthed egg-laying jar with a cloth sleeve at the opening through which 
petri dishes with medium were entered. In a similar egg-laying jar e/e males and 
females were placed, and in another, e/e females and +/+ males. 

From the petri dishes, a block of medium with about 200 eggs and/or newly 
hatched larvae was cut. This was placed in a half-pint milk bottle with about 50 
ml of medium. The cultures were incubated at 25°C in the dark. All medium 
used was of a modified Carpenter-Baker formula (Jacoss 1960). Populations 
were cultured in five-liter wide mouthed jars. A hole about 95 mm in diameter 
was cut into the lid and cardboard lid sealer, and a wire gauze was placed be- 
tween the lid and sealer to make the jars fly tight. Newly emerged e/e adults, 
100 of each sex, and five +/+ males were placed in each jar. Each day, the 
closed end of the jar was faced toward the light, and a 25 X 95 mm vial with 
about 10 ml of medium was added quickly to prevent escape of flies. The number 
of vials each jar contained at any one time throughout the study varied from 
about 20 to 40. 

At about biweekly intervals, 500 flies were counted from each jar after the 
adults had been etherized to a very early immobile state by means of ether-soaked 
cotton in a finger bowl placed over the wire gauze opening as the jars lay hori- 
zontally. The larvae appeared little affected by the ether and remained mobile. 
The vials were then removed, and the nonstuck flies in the vials and jar were 
dumped through a funnel into a half-pint bottle. After the jar and gauze were 
cleaned, the adults, and vials which still contained larvae were readmitted. Two 
jars were kept in the dark in a 0.098 m* incubator, and two were kept in a 0.075 
m* glass-paneled incubator, one above the other, 16 cm from a vertical B & L 500 
ft-c microscope lamp containing two four-watt daylight fluorescent tubes 11 cm 
long. All jars were incubated horizontally. On the floor of each incubator was kept 
1188 cm* of water in trays. Both incubators were kept at approximately 25°C 
with Fenwall No. 17500 thermoregulators with inherent sensitivity specification 
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of 0.1°F. The results of the population studies were drawn up at the end of a 
seven month ten day period after inoculation of the jars. 

Multiple choice studies were made using etherized adults which had just 
emerged from the pupa cases and were still transparent, but which had expanded 
wings. Two types of crosses were made as follows: (1) ten e/e females x (ten 
+/+ males and ten +/e males) (2) ten e/e females X (ten +/+ males and ten 
e/e males). Each cross was repeated four times in the light and four times in the 
dark, giving a total of 16 separate crosses. Each cross was made in a half-pint milk 
bottle with 50 ml of medium sprinkled with about 50 mg of Fleischmann’s dry 
active yeast. The +/e males had been grown from eggs of e/e females crossed 
with +/+ males. The crosses in the dark were made in the dark incubator de- 
scribed above; while the crosses in the light were made in the light incubator 
16 cm in front of the fluorescent light where the population jars had been kept. 


RESULTS 


In all population jars, the frequency of e/e dropped from the initial 97.56 
percent, and it dropped most rapidly in the light (Figure 1). In the seven month 
ten day period in the dark, the frequency of e/e reached a low of 7.02 percent in 
one jar and 6.47 percent in the other, while in the light it reached 4.76 percent 
in one jar and 3.47 percent in the other. 

In the multiple choice tests in which e/e and +/+ males were placed with e/e 
females (where random mating would yield 50 percent e/e progeny) 22.53 per- 
cent of the progeny were e/e in the lighted bottles, and 60.20 percent were e/e 
in the dark bottles. This indicated a mating advantage of +/+ males in the light 
and e¢/e males in the dark (Table 1). The deviation from the expected 50 percent 
e/e in both conditions gave chi-square values of over 100 which is highly signifi- 
cant. In those bottles containing +/+ and +/e males with the e/e females (where 
random mating would yield 25 percent e/e progeny) there were 32.55 percent 
e/e progeny in the lighted bottles and 38.22 percent in the dark bottles. This 
indicated that +/e males had a mating advantage over +/+ males in light and 


TABLE 1 


Comparative maitng success of melanogaster males as indicated by the percent of ebony progeny 
they produced when ten males of each genotype were introduced, in various competitive 
combinations, into culture bottles with ten ebony females at 25°C 











Competitive Progeny produced in light Progeny produced in dark 
combination Ebony Non-ebony Percent ebony Ebony Non-ebony Percent ebony 
+/+ and e/e Observed 720.00 2475.00 22.53 1561.00 1032.00 60.20 
males Expected 1597.50 1597.50 50.00 1296.50 1296.50 50.00 
Chi-square 964.00 107.92 
Observed 1351.00 2799.00 32.55 1477.00 2387.00 38.22 
+/+ and-+/e Expected 1037.50 3097.50 25.00 966.00 2898.00 25.00 


males Chi-square 126.31 360.41 
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Ficure 1.—Frequency of e/e Drosophila melanogaster in population jars after various inter- 
vals. Two jars were kept in dark conditions (solid circles) and two in lighted conditions (hollow 
circles). Each jar had been inoculated with 100 e/e males and 100 e/e females and five +/+ 
males. 
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dark, the differences from the expected 25 percent here again gave chi-square 
values of over 100. The +/e males in competition with the +/+ males had a 
greater mating advantage in the dark (to produce the 38.22 percent ebony 
progeny) than in the light (to produce the 32.55 percent ebony progeny). The 
chi-square value for this difference is 28.18 which is below the one percent prob- 
ability level, and highly significant. 

The question arose as to whether, perhaps, the above effect of “light” may 
really be due to light-heat raising the temperature of the flies by absorption. To 
test this, two bottles containing the e/e female and (+/+ and e/e) male combi- 
nations were placed, in the dark, at 22°C in the refrigerated incubator and two 
were placed in the dark, at 27°C in the ordinary incubator. The bottles were 
treated as before to tell whether the e/e males would still have an advantage over 
the +/+ males in these dark conditions with varying temperature. 

The results showed no significant difference at the two temperatures. In the 
22° bottles 1624/2498 or 65.01 percent of the progeny were e/e, while in the 
27° bottles 1329/2120 or 62.68 percent of the progeny were e/e. The chi-square 
value for this difference is only 2.69, which is above the 30 percent probability 
level and not significant. Even if the difference would have been significant, it 
would not indicate that the “light” effect is really a heat effect, for if the ebony 
males were placed at a disadvantage in the light because of the heat, there should 
be more e/e progeny observed in the colder bottles instead of the fewer that were 
observed. 

The mating advantage of +/e over +/+ males was supported by studies using 
the direct observation method described by Jacoss (1960). Males were isolated 
from females upon emergence and aged four days before being placed in observa- 
tion cells. In each of two cells were placed 30 e/e females. In one of the cells were 
placed 30 +/e males, and in the other were placed 30 +/+ males. The cells were 
placed under 66.20 ft-c of daylight fluorescent light, and matings were counted 
for five hours. This procedure was repeated 16 times, in which period the +/e 
males mated 279 times while the +/+ males mated only 102 times, showing that, 
even in the light, the +/e males outmated the +/+ males. Previous studies under 
these conditions (Jacosps 1960) had shown that under the same lighting condi- 
ditions +/+ males outmated e/e males in the same cells. Similar results using 
similar methods have been obtained by ELens (1957). 


DISCUSSION 


The more rapid decrease of e/e in lighted than in dark population jars is prob- 
ably due, at least in part, to the mating advantage afforded the +/+ males in 
light as compared with darkness, thereby allowing relatively greater numbers 
of +/e and e/e males to mate in dark conditions. This conclusion is supported by 
the multiple choice studies and previous direct observation studies in which it 
was found that +/+ flies mate and court more frequently in light than in di- 


minished light (Jacoss 1960). 
The tendency for the e gene to decline in population jars may be due to lessened 
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viability of ebony as compared with non-ebony under crowded conditions. MorEE 
(1952) found a steady decline in percent of ebony emerging from bottles as the 
number of +/e parents was increased from two to 300, at the latter density of 
which ebony was reduced to 15.25 percent. The stabilization of the e gene in spite 
of negative selection against it, as found by L’Heritier, Neers, and TEIss1er 
(1937), could be due partly to heterozygote mating superiority as shown by the 
multiple choice and direct observation studies. ELENs (1958) has also found that 
e'' in the heterozygous state increases sexual activity of males, and in another 
study (1957) he found e’! homozygotes to have decreased sexual activity as com- 
pared with the wild type. 

If ebony stabilizes in population cages in competition with non-ebony, the 
question of its rarity in nature arises. In a study of a Beaufort wild population 
(Jacoss 1960) ebony was found only once. However, other dark forms inter- 
mediate between ebony and the light tan wild type were found commonly. These 
dark flies, when crossed with ebony, gave cultures ranging from ebony to dark 
without the appearance of a light tan form in subculture. The dark form ap- 
peared to be produced by an e allele with effects intermediate between e and + 
when homozygous. Such “‘mild” ebony alleles have also been reported from Texas 
(Mary ALEXANDER, personal communication). It may be that the frequency of 
e in wild populations in spite of +/e superiority may be due partly to the inter- 
action of other alleles complicating the population dynamics. Also other factors 
may alter the frequency of the e gene in nature. KaLmus (1945) has found evi- 
dence that temperature and humidity alter the frequency of ebony in laboratory 
populations. 

In other Drosophila species dark forms persist in nature. FrerrE-Mara (1949) 
has found a case of melanistic polymorphism in montium, and Warp (1952) 
has found eastern woodland forms of melanica to be darker than western desert 
forms. A similar situation appears in the dragonfly Perithemis tenera (Jacoss 
1955). Studies in physiological genetics on these forms may help unravel the 
problem of melanistic adaptation in nature. 





SUMMARY 


Studies of laboratory populations of Drosophila melanogaster showed ebony, 
in competition with non-ebony, to decrease from an initial high frequency more 
rapidly in the light than in the dark. Multiple choice studies in which e/e com- 
peted with +/+ showed +/+ to have a mating advantage in the light, while e/e 
had a mating advantage in the dark. +/e males showed a mating advantage over 
+/+ in light, and still more in the dark. Direct observation studies showed +/e 
males to mate with higher frequency than +/+ males. The bearing of these 
results on population dynamics is discussed. 
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" Biteol de cengepabey studies of natural populations are revealing an increasing 

number of species, both plant and animal, whose populations are character- 
ized by polymorphism for chromosomal rearrangements. Recent examples, for 
instance, have been found in the marine snail Purpura lapillus by StTaicER 
(1954), in the grasshopper Moraba scurra by Wutre (1956), in two species of 
cockroaches (Lewis and Jonn 1957; JoHn and Lewis 1958, 1959), and in several 
species of the genus Clarkia (refs. in Lewis and Lewis 1955). The studies on 
Drosophila populations, too numerous to cite individually, are of course the prime 
examples. Whatever may be the particular chromosomal basis of the polymor- 
phism, whether interchange or inversion, the genetic effect in a balanced system 
is apparently the same: the protection from recombination of favorable combina- 
tions of genes which confer an adaptive advantage on the heterozygote compared 
with the homozygotes. In the case of inversion heterozygotes, the protected region 
lies within the inversion; in interchange heterozygotes in the interstitial regions 
between the centromere and the breakpoints of the interchange. Crossing over in 
these places leads to chromatids with duplications and/or deficiencies, hence non- 
crossover gametes are the only functional ones. 

The genus Datura has been the subject of many studies of racial and specific 
differentiation with respect to interchanges (summarized in Avery, SATINA and 
RretsEMA 1959). However, a study of a population containing interchange 
heterozygotes with the aim of ascertaining whether they are favored by natural 
selection has not yet been carried out. It was of some interest when cytological 
examination of several plants of Datura meteloides growing wild in California 
showed them to be interchange heterozygotes (SNow 1959). From the associa- 
tions observed it is obvious that several different chromosome arrangements are 
present in this species, as was reported by Satina (1953). She stated that at 
least four different chromosomal races exist, and worked out the end arrange- 
ments of chromosomes of two of them with respect to the standard strain of 
Datura stramonium (Avery et al. 1959). We have studied a population on the 
Davis campus which contains two independent interchanges in relatively high 
frequency, and have attempted a comparison of observed and expected frequen- 
cies of heterozygotes for one of them. 


Natural history 
D. meteloides DC. is a common perennial summer weed in the lower Sacra- 
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mento and San Joaquin Valleys and in Southern California. It occurs in dry 
creek bottoms, abandoned fields and waste areas, along roadsides and railroad 
rights-of-way. The species was probably introduced into California from northern 
Mexico, where it is native, before the American occupation of the state and was 
characteristically found around old Spanish settlements and Mexican ranches 
(Jepson 1943). Active growth starts in late spring and flowering occurs in the 
first year from June to as late as October, depending upon local conditions. In 
favorable situations the plants may become 6-8 feet in diameter, and open a dozen 
flowers or more per day. The large, white, trumpet-shaped flowers open about 
sunset and wither in the heat of the next day. The original pollinators were un- 
doubtedly sphinx moths. Two species, Phegethontius (Protoparce) sexta Johan- 
son and P. quinquimaculata Haworth, have been captured while visiting our 
population. Bumblebees, solitary bees, and especially honeybees also serve as 
pollinators. Although the large size of the flower and the habits of the pollinators 
suggest a high degree of outcrossing, self-pollination was nevertheless frequent, 
since about half the plants in the population had short styles which placed the 
stigma amongst the stamens. These plants must have been almost entirely self- 
pollinated, since the anthers dehisced about noon of the day the flower was to 
open. The floral tube at this time was tightly folded around the five stamens, 
with the stigma in the center. Hence pollen from these natural selfings had about 
a nine hour lead over pollen carried to the stigma in the evening by insects. Con- 
trolled pollinations showed that the species is fully self-compatible. Furthermore, 
the long-styled plants were not entirely outcrossed, because the insects often 
visited several flowers on a plant successively. There was no correlation between 
style length and chromosomal type. 

The population is located in waste ground which was at one time the bed of a 
creek. About 1935 a levee was built which diverted the creek into a new channel, 
and from that time until 1955 the place remained undisturbed. The area has been 
plowed for weed control every year since then, except for 1957 and 1958. A part 
of the population extends into a protected region where conditions are essentially 
the same as they were in the 20 years from 1935-1955. The Datura plants here 
occupy the banks and bottom of the old creek bed. 

When we sampled the population in the summer of 1958, it contained an 
estimated 125 large mature plants, plus scores of seedlings. We have no certain 
knowledge of the usual life span, but it must be at least 5-10 years in favorable 
circumstances. However, when the creek flowed through the area much of the 
population may have been in effect annual, since its flooding in winter would 
probably wash out a great many plants. Also the weed control plowing done in 
the two years previous to our study, in effect, made the population reproduce 
annually. These two disturbances have undoubtedly greatly decreased the aver- 
age generation time. 

A few plants of D. stramonium were also found in the vicinity. No evidence 
of hybridization was found, and indeed none would be expected, since these two 
species are among the most incompatible in the genus. The hybrids which Satina 
(1953) studied had to be obtained by embryo culture. 
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METHODS 


Buds for cytological examination were fixed in Carnoy’s solution (6 parts 
absolute alcohol, 3 chloroform, 1 glacial acetic acid) since this causes less swelling 
of the chromosomes than acetic alcohol. Staining was done with acetocarmine. 
Pollen fertility was estimated by staining mature pollen grains with cotton blue 
in lactophenol. Anthers of flowers to be pollinated were removed the day before 
the flower would normally open and the pollination was made immediately. A 
length of drinking straw with the end folded was then slipped over the style, and 
the corolla was fastened shut by a band of scotch tape to prevent the moths from 
knocking off the straw. No difficulty was experienced in getting abundant seed 
set, except for certain pollinations made during a few days of extremely hot 
weather. 


RESULTS 


Cytology of the interchanges: Two interchanges, distinguishable by the meiotic 
configurations they produced at metaphase I in heterozygous individuals, were 
found in the population. Different chromosomes are involved in each case be- 
cause plants simultaneously heterozygous for both interchanges occurred. The 
“standard” sequence of ends of the chromosomes involved in the A interchange 
may be designated 1-2, 3-4, while the interchanged sequence A’ would be 1-3, 2-4. 
In similar fashion, the standard B sequence would be 5-6, 7-8; the interchanged 
B’ sequence, 5-7, 6-8. One plant which formed 12 bivalents was arbitrarily desig- 
nated as being homozygous for the standard sequence of both arrangements, and 
was given the formula AABB. If cytological examination showed that a certain 
plant was heterozygous for both the A and B interchanges, it was indicated as 
AA’BB’. However, a plant heterozygous for only one interchange may have been 
homozygous for either the standard or the interchanged arrangement of the 
other (for instance, an AA’ heterozygote could have been of the type AA’BB or 
AA‘B’B’). A plant forming 12 bivalents could have been any one of four different 
chromosomal types. The complete chromosomal formula of plants other than 
the double heterozygotes was therefore determined by crossing to the standard 
plant and examining a plant of the progeny. A 12 bivalent plant, for example, 
which gave offspring heterozygous for the B ring would have the formula 
AAB’B’. In analogy with the F, genotypic distribution of a dihybrid cross, nine 
chromosomal types were expected in the population, and all but one (A’A’B’B’) 
were found. 

Plants heterozygous for the A translocation characteristically formed a ring 
of four chromosomes at metaphase I (Plate I, 1). The orientation of this ring 
was almost always disjunctional, so little gametic abortion was expected. The 
relevant data on meiotic behavior and pollen abortion are given in Table 1. 
Judging from the regularity of ring formation, the interchange must have in- 
volved large portions of the chromosome arms concerned. 

In contrast to the AA’ heterozygotes, BB’ heterozygotes formed a variety of 
configurations, the most frequent being a branched association of four chromo- 
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Piate I.—Photographs of interchange heterozygotes at metaphase I. In all cases the inter- 
change associations of four chromosomes lie next to the rightmost bivalent. All figures «x 1500. 
Figure 1, AA’ heterozygote, showing the characteristic disjunctional orientation of the ring (the 
connection between the upper left and lower right chromosomes is out of focus) ; Figures 2, 3, 4, 
BB’ heterozygotes, showing three types of association. Compare these figures with those of Plate 
II, Figures 3, 5, and 8, respectively. 


TABLE 1 


Meiotic behavior and pollen abortion in AA’ and BB’ heterozygotes 

















Orientation of Distribution of chromosomes 
interchange complex at at anaphase I* 
metaphase I* Percent 
Percent 11+12+1 Percent 
Alternate Adjacent 12+12 11+13 lagging pollen abortion} 
AA’ heterozygotes 92 8 97 1 2 10.60+1.31 
BB’ heterozygotes See plate II 94 + 2 40.26+2.28 





* Based on 100 cells. 

+ Based on three anthers from each of five plants, about 1000 pollen grains scored per anther. Pollen abortion of AABB 
homozygotes, 2.38 1.30 percent; of AA’BB’ heterozygotes, 41.10+2.40 percent. 
somes (Plate I, 2-4). Camera lucida drawings of most of the configurations 
found are shown in Plate II. All may be accounted for on the assumption that 


the B translocation involved the reciprocal exchange of relatively small segments, 
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Pirate II.—Drawings and chromatid diagrams of the interchange associations of BB’ 
heterozygotes. Figures 1-8, camera lucida drawings of types of metaphase I associations. A, 
chromatid diagram of prophase interchange association (the numerals indicate regions where 
chiasmata may form) ; B, C, diagrams of two associations with chiasma formation in regions 1, 2, 
3, 6, and 1, 2, 3, 4, 5, 6, respectively (compare B and C with Figures 1 and 8, above). The lower 
two lines of the plate show the frequency of types of metaphase I associations found in 118 cells 
of a BB’ heterozygote. 
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so that chiasmata were frequently formed between the centromeres and the 
point of interchange (Plate II, A). The frequencies of the various associations 
observed in a preparation where the PMC’s were exceptionally well fixed and 
stained are also given in this plate. The great majority of these associations should 
lead to chromatid nondisjunction even with a 2-2 distribution to the poles. Pollen 
abortion should therefore be considerable, and this was found to be so (Table 1). 
This table also shows that telophase distribution was essentially as regular as 
that of AA’ heterozygotes. Thus, little pollen abortion was caused by lagging 
chromosomes. 

Several plants were found in the wild population and in the garden cultures 
which were heterozygous for both translocations. Unexpectedly, the pollen abor- 
tion was no higher in these plants than in plants heterozygous for the B translo- 
cation alone. It should be pointed out that pollen abortion is quite variable even 
among plants of the same chromosomal type, apparently in response to environ- 
mental factors. A few days of exceptionally hot weather in the summer of 1958 
caused a great increase in abortion, even in homozygotes, and most of the pollina- 
tions made during these days failed. On the basis of chromatid diagrams one 
would expect about 50 percent pollen abortion in BB’ plants. It is entirely possible 
that some pollen grains from these heterozygotes which looked normal were in 
fact nonfunctional. 

Analysis of data: Cytological determinations were made on 62 plants from the 
campus population. In addition, 109 small seedlings with 2-3 leaves were trans- 
planted into the experimental field, of which 102 survived and 35 were studied 
cytologically. The frequencies of the various cytologically recognizable types 
found in the two samples are given in Table 2, in addition to the cytological type 
of 24 double homozygotes from the campus population which were progeny 
tested. It will be seen that the two samples do not differ significantly with respect 
to all classes considered together nor as to the A and B arrangements considered 


TABLE 2 


Frequencies of cytological types in the campus population and field transplant samples, 
cytological types of 24 tested double homozygotes, and P values of x? comparisons 





Cytological type 








12(2) A ring + 10(2) B ring + 10(2) A+B rings + 8(2) 
Campus population* 37 15 8 2 
Field transplants 24 4 7 0 
Totals 61 19 15 2 
Tested double homozygotes: Comparison P 
AABB 13 1. Homogeneity between samples 2-3 
AAB’B’ 10 2. Homogeneity of A arrangement homo- 
A’A’BB 1 zygotes/heterozygotes between samples 1-2 
A’A’B’B’ 0 3. Homogeneity of B arrangement homo- 
4 zygotes/heterozygotes between samples 5-7 
4. Independence of A and B arrangements 
in total sample 3-5 





* Two tetraploids were also found. 
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separately (comparisons 1, 2, and 3). Neither is there any evidence of an inter- 
action or preferential association of any A and B arfangement (comparison 4). 
This latter evidence is supported by results from the 24 double homozygotes 
tested, in which essential equality was found between AABB and AAB’B’ plants 
(13:10), and between A’A’BB and A’A’B’B’ plants (1:0). 

To test for agreement between observed and expected frequencies of the cyto- 
logical types we must first determine if the population is in equilibrium. With 
no inbreeding, equilibrium with respect to two independent arrangements will 
be reached in about five generations (Li 1955, pp. 89-90), inbreeding serving 
to delay its attainment (L1 1955, p. 142). Although we cannot be sure that equi- 
librium has been reached, as we studied only one generation, we deduce on the 
basis of the history of the population that there has probably been enough time. 

The estimates of the frequencies of the chromosomal types (p, and pz) are 
best obtained by maximum likelihood, using Wright’s equilibrium expression, 
the generalized form of the familiar Hardy-Weinberg formula: 

(p? + pqgF) + 2pq(1—F) + (q? + pgF). 
The use of this expression also involves estimation of F, the inbreeding coefficient. 
Since the A and B arrangements seem to be independent of one another, estimates 
for p and F may be obtained separately, which greatly simplifies the calculations 
and, in this case, allows us to make a statistical comparison. The data are set out 
in Table 3. 

Taking partial derivatives with respect to p and F of the logarithm likelihood 
expression 

L =a, log m, + a, log m, + a, log m, + a, log m,, 


substituting g for 1—p, and equating to 0, we have 











aL, 2(2p-1)(1-F) ,  1-9p ,  (2p—1) (IF) H1 








oP 1—2pq(1—F) > Pg p> + pgF 
(2p—1)(1—F)—1 _ 
q° + pqF 
oL 2pq = Pq Pq 
a A + 8, ee + = 
oF se 1—2pq(i—F) “ts p* + pqF ™ q° + pqF 


where A =a,—a.—a,. These simultaneous equations may now be solved by 


iteration. 
There is, however, an easier way to obtain the estimates. Bartey (1951) has 


shown that when the number of parameters being estimated is equal to the de- 
grees of freedom, two each in this case, then the maximum likelihood estimates 
are those obtained by equating the observations to their expectations. 
Thus we may write. 

a, = 2n,pq(1—F) 

a, = n,(p? + pgF) /1—2pq(1—F) 


a, =n,(q? + pgF)/1—2pq(1—F). 
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TABLE 3 


Organization of data for maximum likelihood estimation of p and F 





Frequency 





Class A data B data Expectation 
Both homozygotes (a,) 76 80 1-2pq(1-F) (m,) 
Heterozygotes (a) 21 17 2pq(1-F) (m,) 
n, =97 
Standard homozygotes (a5) 23 14 p?-+-pqF /1-2pq (1-F) (m3) 
Interchange homozygotes (a,) 1 10 q?-+-pqF /1-2pq (1-F) (m,) 
nN, =H 





Solving simultaneously we obtain 
p = 2n,a;—a,(a3—a,)/271 (as + a), 
F= 1—2n,a, (a, + a@,) vi [2n,a,—a,(a,—a,) ] [2n,a, as a,(a;—a,) 3 


These values of p and F satisfy the partial derivatives above, and hence are maxi- 
mum likelihood estimates. 
The variances are given as 


V, = Tpr/8 
Ve = 1p/8 
where 
on Lp 
$= 
lpr lye 








ae el 
toon LLCS] 
=n D [4)C)] 


in which n = 97 for expectations m, and m,, and 24 for expectations m, and m,, 
The standard errors are obtained by taking the square root of the variances. 

As a result of these calculations we obtained the following estimates and 

standard errors: 

Pa = .8591 + .0372 Ps = .5687 + .0830 

F, = .1058 + .1835 F; = .6427 + .0798 
Both values of p and F are significantly different from each other, while F, is not 
significantly different from 0. 

The significant difference between the F values for the A and B data is un- 
expected, since the same sample of plants was used to obtain both. On the basis 
of our natural history observations the F; value would seem to be the more likely 
inbreeding coefficient of the population. If this is so, and under the assumption 
of equilibrium, the low F, value'can be explained by selection in favor of AA’ 
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heterozygotes, which would have the statistical effect of lowering this inbreeding 
coefficient. 

We have already given our reasons for thinking that the population is at 
equilibrium. The adoption of F = .6427 as the population inbreeding coefficient 
is supported by the following reasoning. Fyre and Bartey (1951) have given the 
relation between F and a, the proportion of successful pollinations in which the 
source of pollen was equally likely to have been from any plant in the population, 
asa=1-—F/1+F. Using F = .6427, a= .217, i.e., about 78 percent of the total 
number of pollinations were selfs. This figure is somewhat of an overestimate, 
since the above relationship is not strictly applicable to a population such as ours 
where the inbreeding coefficient will be increased merely as a result of small 
population size. As an approximation we may take the proportion of self-pollina- 
tions to be about 70 percent, in which case F would be about .54, a figure still 
within the 99 percent confidence interval of the maximum likelihood estimate. 
We therefore think that the F, value is characteristic of the population and that 
the low value of F, is best explained by attributing a selective advantage to AA’ 
heterozygotes. 

We can test the A data by x? using .6427 as the population F value, since in 
doing so we gain a degree of freedom. This necessitates a recalculation of p, 
(since p and F are correlated when estimated as we have done), which now turns 
out to be .7518 + .0617. The x? comparison for the A data may then be made as 
follows: 

Expected AA’ heterozygotes = 12.93370 (deviation (d,) = + 8.06630) 

Expected AA homozygotes = 18.97375 (deviation (d,) = + 4.02643) 

x? = d,2/97 (Esa) (1—Eaa) + d,?/24(Eaa) (1—Eaa) = 9.88 
where E,,: and E44 are the expected proportions of AA’ heterozygotes and AA 
homozygotes, respectively. AA’ heterozygotes (and AA homozygotes) were in 
excess of expectation, P;,,; being < .005. This method of analysis does not allow 
us to say anything about the adaptive significance of the B arrangements, since 
we have estimated both p, and F from the data, and have no degrees of freedom 
available for a x? test. 


DISCUSSION 


We have postulated adaptive superiority of the AA’ heterozygotes after com- 
paring observed and calculated zygotic frequencies. Both Wa.uace (1958) and 
Novitsk1 and Dempster (1958) have cautioned against improper use of this 
procedure. Their analyses, however, apply principally to populations which are 
not in equilibrium. Lewontin and CocKErHAM (1959) have shown that com- 
parisons of the type we have made are essentially tests of whether the square of 
the adaptive value of the heterozygous class is equal to the product of the adaptive 
values of two homozygous classes. This is a much less restrictive condition to test 
for than that the adaptive values of the three classes be equal. Nevertheless, in an 
equilibrium population a comparison of observed and expected zygotic frequen- 
cies is still a valid procedure, and, in such a population, an excess of heterozygotes 
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is good prima facie evidence of their adaptive superiority (i.e., that a balanced 
polymorphic system exists). Actually, trial calculations will show that in a hypo- 
thetical population with heterozygote superiority a significant excess of hetero- 
zygotes can often be demonstrated with rather small samples of adults (50-100) 
even when the population is not yet in equilibrium, if the selective coefficients 
of the homozygotes are rather larger (say 0.2-0.5). 

The x? test of the A data showed that AA homozygotes were also in excess of 
expectation. This is not consonant with the assumption of a balanced polymorphic 
system, as it implies selection for them also, or in other words, that the popula- 
tion is not in equilibrium. This excess, which amounted to only about four plants 
of the 24 double homozygotes tested, may be due to sampling error. On the other 
hand, it may indicate that our assumption of equilibrium was wrong, a possibility 
we must always entertain owing to the shortcomings of our data. 

In the case of a balanced polymorphic system, the high selective advantage 
which must be attributed to the AA’ heterozygotes to obtain a significant x? with 
a sample as small as ours may seem unlikely, but several cases are known where 
the heterozygotes must enjoy a very considerable advantage over the homozygous 
sibs. Thus, DopzHaNsky and Paviosky (1955) and Pavan, DoszHANsKy and 
pA CunHA (1957) have described cases in Drosophila populations where in- 
version heterozygotes occurred in significantly greater frequency than 50 per- 
cent, unequivocal evidence of strong selection in their favor. Jain and ALLARD 
(1960) calculate that in a composite barley variety cross, individuals heterozy- 
gous for certain chromosome segments identified by marker genes leave twice 
as many progeny as the corresponding homozygotes. It seems probable that the 
magnitude of the selective advantage enjoyed by a heterozygote in a balanced 
polymorphic system may be related in part to the life cycle and population size. 
In a Drosophila population, for example, where several generations are produced 
in a single year and population sizes may be very large, a relatively small hetero- 
zygote advantage may be sufficient to ensure the maintenance of a close adapta- 
tion to small temporal changes in the environment. A case in point is probably 
that of D pseudoobscura, studied by Eptinc, MircHeiy and Marton (1957), 
where marked seasonal fluctuations in inversion frequencies occurred which 
were regularly repeated year after year. On the other hand, organisms with much 
longer life cycles and smaller populations, such as some annual or perennial 
plants, must maintain a greater degree of tolerance to temporarily unfavorable 
conditions (which may extend over periods of years), and hence selective ad- 
vantages possessed by heterozygotes might be rather large. An experimental 
demonstration of heterozygote superiority in a balanced polymorphic system 
could probably be made most easily with such organisms. 

The cytological behavior of the A interchange is concordant with its presumed 
genetic effect. No configurations of the A ring were found which clearly indicated 
chiasma formation in the interstitial regions. In marked contrast, chiasmata in 
the B ring were formed in these regions in about 85 percent of the cells. Genetic 
recombination is thus prevented in the interstitial regions of AA’ heterozygotes 
but is frequent in the B interstitial segments, the more so in region 2 than in 5. 
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It might appear that a selective advantage should also be attributed to the B ring, 
offsetting the sterility which it causes. We do not think this assumpion necessarily 
follows. Assuming ovule abortion to be about the same as pollen abortion in BB’ 
plants, such plants must produce about 40 percent more ovules than will mature 
into seed if they are to produce approximately the same amount of seed as a 
homozygote. Examination of capsules of any plant always shows a number of 
tiny, abortive seeds, though we cannot say for sure whether their number reaches 
40 percent of the normal set. This is not unlikely, however. In the case of BB’ 
plants the 40 percent of abortive embryos would be the effect of their genetic 
unbalance which resulted from chromatid nondisjunction, while in the several 
homozygous types abortion would be determined by other factors that have their 
effect after fertilization and the beginning of embryo growth. A vast excess of 
pollen is produced (20,000 grains per anther (100,000 per flower) is certainly a 
conservative estimate), hence a 40 percent reduction of pollen fertility would 
probably be of little consequence. 

The A interchange, which has resulted from the exchange of relatively large 
segments, is the type commonly found in nature. In most cases a necessary con- 
dition for the successful integration of such a translocation into a polymorphic 
system is the directed segregation of the ring, unless the sterility caused by non- 
disjunction is greatly overbalanced by the superiority of the heterozygote. Such 
is possibly the case in Paeonia californica (Watters 1942). In the genus Datura, 
many interchange rings undergo directed segregation (BERGNER, SATINA and 
BLAKESLEE 1933). This type of chromosomal preadaptation is also characteristic 
of cockroach chromosomes (JoHNn and Lewis 1959). The B type of ring is quite 
uncommon. We know of only two instances of the natural occurrence of this kind 
of translocation. One is in the marine snail, Purpura lapillus, where Sta1cER 
(1955) found less than one percent of heterozygous individuals. The other case 
concerns two primary spermatocytes of an individual of the grasshopper Chor- 
thippus brunneus, found by Joun, Lewis and HENpERsoN (1960). The inter- 
change had obviously arisen in this individual, and the sterility it would cause 
in grasshoppers would no doubt rapidly lead to its disappearance from the popu- 
lation. 

Artificially produced B-type interchanges have been reported for rye (Price 
1959) and D. stramonium (Avery et al. 1959). Some of the configurations illus- 
trated by Price are almost identical to those found in D. meteloides. 

D. stramonium is the classic example of a species composed of structurally 
homozygous races differing from one another in their chromosome arrangements 
(BLAKESLEE, BERGNER and Avery 1937). This species, unlike D. meteloides, is 
almost completely self-pollinated, since all plants have short styles. With such a 
breeding system an interchange heterozygote must have an extremely high 
selective advantage if it is to be retained in the population against the pressure 
of almost complete inbreeding. Though no direct studies have been made of inter- 
change heterozygotes in natural populations of this species, it seems unlikely 
that their frequency would approach that found in our population of D. metel- 
oides. This is not to say, however, that interchange heterozygosity cannot have 
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played an important role in racial differentiation in D. stramonium, but only that 
that role was probably a different one from the role played by heterozygotes in 
a balanced polymorphic system. Thus, it is possible that the establishment of new 
positional relationships of genes through interchange could at times have a selec- 
tive advantage (internal intrachromosomal coadaptation, LERNER 1958). An 
example of such coadaptation in a lower organism is provided by the series of 
closely linked loci controlling related biochemical reactions in Salmonella, where 
where DemerEc and Hartman (1959) have given reasons for believing these 
sequences are maintained by selection. If an advantageous sequence were estab- 
lished by interchange in Datura, the cytological polymorphism would be trans- 
itory since the direction of selection would be toward homozygosity for the new 
arrangement. Strong inbreeding would of course shorten the period of transition. 
This explanation has been invoked to account for the establishment of structurally 
homozygous races in Clarkia dudleyana (SNow 1960), a predominantly outcross- 
ing (though self-compatible) species, and it can be equally well applied to a 
similar situation found in Clarkia amoena subsp. caurina (HaKaNnsson 1942, as 
Godetia Whitneyi; SNow, unpublished), a predominantly self-pollinating sub- 
species. If the origin of homozygous chromosomal races has been due to the in- 
fluence of natural selection acting upon favorable sequences of loci, the various 
chromosomal arrangements ought to be correlated with the adaptedness of the 
race to its particular habitat, an hypothesis which should be amenable to test 


by properly designed experiments. 


SUMMARY 


A wild population of Datura meteloides was studied which contained two dif- 
ferent, independent types of interchange heterozygotes, distinguishable by their 
meiotic metaphase configurations. Heterozygotes for the A interchange regularly 
formed a ring of four chromosomes with highly directed disjunction; meiosis was 
very regular; pollen sterility was about ten percent compared with the two per- 
cent sterility of homozygotes. This interchange apparently resulted from the 
translocation of relatively large segments of chromosome arms. Heterozygotes 
for the B interchange formed a variety of configurations, all of which can be 
accounted for by assuming that this interchange involved relatively short seg- 
ments, allowing chiasma formation in the interstitial regions. Pollen abortion in 
these heterozygotes was about 41 percent, owing to chromatid nondisjunction 
from the ring. 

Cytological examination was made of 97 plants from both wild and field- 
grown samples. Maximum likelihood estimates of the frequency of the “stand- 
ard” chromosomal arrangements were p, = .8591 + .0372, and pz = .5687 + 
.0830; estimates of the inbreeding coefficients were F, = .1058 + .1835, and 
F, = .6427 + .0798. The significant difference between the two F values is sur- 
prising since all the estimates were made from the same total sample of plants. 
Circumstances about the population incline us to believe that it is in equilibrium, 
while observations of the habits of the pollinators (sphinx moths, bees) and of 
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the proportion of plants with short styles support the assumption that the F, 
value is the inbreeding coefficient characteristic of the population. The low F 
value for the A data can then be explained on the basis of a higher fitness of the 
AA’ heterozygotes, i.e., that the A arrangements are components of a balanced 
polymorphic system. A x? comparison indicated as excess of both AA’ heterozy- 
gotes and standard type (AA) homozygotes. The excess of AA plants is disturb- 
ing, since it is not compatible with the assumption of equilibrium and a balanced 
polymorphic system; however, the excess is relatively small and may be due to 
sampling error. Our method of analysis prevents us from drawing conclusions 
about the relative fitness of BB’ heterozygotes. There was no evidence for any 
preferential association of the various arrangements. 
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T HE chemical rationale that: led to the discovery of the biologically active 

mesyloxy esters has been discussed by Happow and Timmis (1953). Subse- 
quent work on compounds of this series gave ample evidence for their muta- 
genicity on the testes of adult Drosophila (Brrp 1951; Fanmy and Faumy 1956, 
1957, 1959, 1961a,b). A particular member of the series, viz. ethyl methane- 
sulphonate, proved to be an effective mutagen in barley (Hestor and Ferrary 
1958; Hestor, Ferrary, Levy and Mouarp 1959; EHRENBERG 1960) as well as 
in Neurospora (WEsTERGAARD 1957), bacteria (LovELEss and HowartH 1959) 
and bacteriophage (Lovetess 1959). The mesyloxy esters were also shown to be 
active cytostatic agents on neoplastic growth (Happow 1955); one compound 
“Myleran” (1:4-dimethanesulphonoxybutane) has now become a useful drug in 
the treatment of chronic myeloid leukaemia (Gatton 1956). 

The mesyloxy esters, like the rest of the alkylating compounds (mustards, 
epoxides and ethyleneimines) owe their biological activity to the fact that they 
possess chemically reactive electrophilic groups which can alkylate the nucleo- 
philic centres of the cell under the mild conditions that occur in living tissues 
(Ross 1953). It was possible to demonstrate, however, that mutagenicity under 
the mustards is influenced not only by the reactivity of the alkylating groups, 
(the chloroethylamino radicals) but also by the molecular configuration of the 
nonalkylating or ‘prosthetic’, moiety (the residual part of the molecule). The 
relative mutagenic response of the stages of the male germ line differed accord- 
ing to whether the nonalkylating moiety of the mustard was an amino acid, a 
carboxylic acid, or an amine (Fanmy and Faumy 1960b). Furthermore it was 
possible to show that significant differences occurred in the mutagenicity on the 
sperm with different mustards of roughly the same chemical reactivity, but with 
various ‘prosthetic’ groups (Faumy and Faumy 1960a). 

The role of the ‘prosthetic’ moiety in mutagenesis was also investigated for the: 
mesyloxy esters. Compounds of this series which varied markedly as regards the 
molecular structure of the nonalkylating moiety, still gave essentially the same 
mutagenicity pattern during spermatogenesis (Faumy and Fanmy 1961a). The- 


Genetics 46: 1111-1123 September 1961. 











1112 O. G. FAHMY AND M. J. FAHMY 


data in this investigation, however, indicated that the absolute mutagenic potency 
on the same stages of the testis varied considerably according to the structure of 
the ‘prosthetic’ moiety; roughly equivalent treatment with compounds differing 
in this respect induced different mutation rates in the same germ line fractions 
(i.e. in corresponding broods of the treated males). A quantitative investigation 
was accordingly undertaken of the mutagenicity on the sperm as a function of 
the molecular structure of the mesyloxy esters. An attempt was also made at the 
elucidation of the variation in mutagenicity as a function of the physicochemical 
properties of the compounds investigated. 


MATERIAL AND TECHNIQUE 


The compounds analysed are all esters of methanesulphonic acid; their code 
numbers, structural formulae and chemical names will be here listed under the 
appropriate subseries. 


Alkyl methanesulphonates: ‘Monomesylates’ R.OSO,CH, 


CB.1540: R = (CH,); methyl methanesulphonate. 
CB.1528: R = (C,H,) ; ethyl methanesulphonate. 
CB.2115: R = (C,H,) ; n-butyl methanesulphonate. 


Dimethanesulphonoryalkanes: ‘Dimesylates’ CH,SO,0-R-OSO,CH, 


CB.2040: R = (CH:);; 1:3-dimethanesulphonoxypropane. 

CB.2041: R = (CH,),; 1:4-dimethanesulphonoxybutane (Myleran) 

CB.2058: R = (CH;.C = C.CH,) ; 1:4-dimethanesulphonoxybut-2-yne 

CB.2094, CB.2095: R= (CH.:CH = CHCH.); cis and trans isomers of 1:4- 
dimethanesul phonoxybut-2-ene. 


Dimethanesulphonylalkanols: ‘Polyol-mesylates’ 


CH,;SO.0.CH, (CHOH) ,CH,.0SO.CH, 
CB.2511, CB.2628: n = 4; p and L-isomers of 1:6-dimethanesulphony] mannitol. 
CB.2562: n = 2; 1:4-dimethanesulphony] erythritol. 


All compounds were administered in isotonic saline (0.4% NaCl) by micro- 
injection around and within the testes of adult flies of the Oregon-K stock (details 
mainly in Fanmy and Faumy 1960a). The compounds were in complete solution 
at the concentrations utilized, except for some of the higher doses of the butane 
and butyne derivatives (CB.2041 and 2058) which were administered in partial 
suspension. 

The mutations considered in this communication are the sex-linked recessive 
lethals detected by the Muller-5 technique (details of scoring in Fanmy and 
Faumy 1955). In the majority of the experiments the analysis has been restricted 
to the progeny of the treated males recovered within the first three days, so as to 
ensure that the mutation rate assayed represented the response of mature sperm. 
In a few experiments with the ‘dimesylates’ (Table 2) the mutation rate was 
based on the first six days’ progeny, which would be derived, in part, from sperm 
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treated as late spermatids. The mutation rate in these experiments may be a 
slight underestimate, due to the lower mutagenic response of the spermatids, 
though this does not seem to be very pronounced with the ‘dimesylates’ (Fanmy 
and Faumy 1961a). The stock used (Oregon-K) has been kept in our laboratory 
for many years and was subjected to mutation tests at regular intervals for 
control purposes. In five of these experiments an over-all of 2402 X chromosomes 
were tested in the first brood (three days progeny) and seven were found to 
carry lethals, indicating a spontaneous sex-linked recessive lethal rate in the 
sperm of 0.3 + 0.11 percent. 


OBSERVATIONS 


The effect of dose: With some of the compounds in the present series the 
number and the range of the dose experiments were not sufficient for an extensive 
analysis of the dose effect. The general trend of the data, however, was indicative 
of a proportional increase in the mutation rate (as regards sex-linked recessive 
lethals) with the administered molar dose. It was felt sufficient, therefore, to test 
statistically for the conformity of the experimental values to a linear dose/effect 
relationship. This treatment was also devised to give a mean estimate of the muta- 
tion rate per unit dose (10-*m) with each compound, on the basis of the various 


dose experiments. 
Let p, be the probability of the induction of a mutation at unit dose (10-°m). 


Suppose also that the number of chromosomes observed were: 71, 72...... nj 
at doses D,.D, ....<. D; giving lethal mutations /,,/,...... 1;; the total number 
of lethals observed in all experiments with each compound being L = 1,+/,+ 
oer lj. 

Therefore, L = p (m,D,+n2D.4+...... n,Dj;). 


The above formula will enable the calculation of p, and in turn the expected 
number of lethal chromosomes at each of the utilized doses. These frequencies 
can then be tested for conformity with the experimental values by the x? method. 
Where no significant deviations occur, the linear dose/effect relationship is justi- 
fied and the calculated value of p can be looked upon as a reasonable estimate of 
the lethal proportion per unit dose (1 X 10m). The variance and standard 
deviation of this estimate can also be deduced. The nD items give virtually no 
variance and their sum can accordingly be looked upon as a factor (k), without 
sampling error. 

Therefore, VV, =V,,+Vi, +...... Vi, = kVp where V;,,Vi,....-- etc. are 
the variances of the observed number of lethals at the individual doses. Theoreti- 
cal estimates of these variances can be calculated on the basis of the binomial 
distribution: from the relative frequencies of lethal and, nonlethal chromosomes 
in the various tested samples. 

The experimental data for the effect of dose with various mesyloxy esters are 
detailed in Tables 1-3, and the results of the statistical analysis for six compounds 
are summarized in Table 4. It can be seen that with all the compounds con- 
sidered there were no significant deviations from expectation, thus indicating 
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TABLE 1 


Mutagenicity of the monoalkylmethanesulphonates in relation to dose 

















Concentration Chromosomes Lethals 
Compound ( X 10-?m) tested No. Percent 
CB.152@ 1.0 489 30 6.1 
1.61 458 84 18.3 
2.42 516 63 12.2 
4.50 264 103 39.0 
9.18 70 22 31.4 
CB.1540 0.25 509 32 6.3 
0.45 455 53 11.6 
CB.2115 0.6 895 2 0.2 
1.0 827 5 0.6 
1.3 707 6 0.8 
TABLE 2 


Mutagenicity of the dimethanesulphonoxyalkanes in relation to dose 




















Concentration Chromosomes Lethals 
Compound (X 10-7 m) tested No. Percent 
CB.2040 '0.9* 482 17 3.5 
3.0 365 36 9.9 
4.7 406 48 11.8 
9.5* 351 37 10.5 
CB.2041 0.2 407 2 0.5 
0.6 245 7 2.9 
1.0 370 10 27 
CB.2058 0.2 442 9 2.0 
0.4 286 18 6.3 
0.4 586 27 4.6 
0.9 297 26 8.8 
CB.2094 0.25a 1365 3 0.2 
0.25b* 516 3 0.6 
0.82 507 4 0.8 
1.02 475 5 14 
CB.2095 0.25* 486 10 9.1 
0.4 475 12 2.5 
0.7 384 17 4.4 
0.9 236 9 3.8 





* Experiments based on six days’ progeny. 


that there is a direct relationship between the sex-linked recessive lethal rate and 
the injected molar dose. These compounds, however, could only be tested at low 
concentrations and within narrow dose ranges because of their low solubility and 
high toxic and sterilizing effects. It was, therefore, desirable to determine whether 
the linear dose/effect relationship also holds at higher concentrations and within 
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TABLE 3 


Mutagenicity of the dimethanesulphonylalkanols in relation to dose 

















Concentration Chromosomes Lethals 
Compound ( X 10-2) test No. Percent 
CB.2562 16.0 526 5 1.0 
CB.2511 0.5 507 3 0.6 
1.0a 511 6 1.2 
1.0b 548 11 2.0 
2.0 506 5 1.0 
4.0 479 11 2.3 
8.0 531 29 55 
12.0 570 44 if 
16.0 130 15 11.5 
CB.2628 1.0 502 2 0.4 
4.0 516 5 1.0 
8.0 500 2 0.4 
12.0 504 6 1.2 
16.0a 481 32 6.7 
16.0b 499 16 3.2 
20.0 508 22 4.3 
TABLE 4 


Testing for the linearity of the dose/mutation rate relationship under various mesyloxry esters 





Estimated lethal 





proportion Degrees of 

Compound per 10-?m x freedom P 

CB.1540 0.2560 0.02 1 0.9 
CB.2115 0.0057 0.41 2 0.8 
CB.2041 0.0318 1.54 2 0.5 
CB.2058 0.1136 2.67 3 05 
CB.2094 0.0109 2.04 3 0.6 
CB.2095 0.0606 2.14 3 0.5 





wider dose ranges. This more extensive analysis proved feasible with one com- 
pound of each sulphonate subseries: ethyl methanesulphonate (CB.1528) among 
the ‘monomesylates,’ dimethanesulphonoxypropane (CB.2040) among the “di- 
mesylates’ and dimethanesulphonyl mannitol (the p-form CB.2511 and the L- 
form CB.2628) among the ‘polyol-mesylates.’ 

The statistical analysis of the dose effect with each of the above compounds 
was undertaken by the regression technique. A weighted linear regression of the 
mutation rate on molar dose was fitted to the experimental points by the method 
of least squares. The control rate (0.3 percent lethals) was included in the fitting 
at zero dose, and the weight was taken as the binomial invariance (reciprocal of 
the variance) for the experimental rates. The parameters of the regressions for 
the four compounds studied are given in Table 5A and the corresponding plots are 


illustrated in Figure 1. 
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TABLE 5 


The weighted linear regressions Y = a-+ b (x — x) for the mutation rate y (percent sex-linked 
recessive lethals) on the injected dose x (mM X 10-*), for representatives of the mesylory 
esters. The control rate (at zero dose) is included, and the weight is the invariance 





A. Regression items 
















Compound z ats, b+s, 
CB.1528 0.04 0.56+0.42 5.95+1.25 
CB.2040 0.05 0.46+0.12 2.74+0.29 
CB.2511 0.48 0.60+0.31 0.61+0.06 
CB.2628 2:09 0.51+0.21 0.13+0.05 

B. Goodness-of-fit 
Regression (R) Error (E) 
Compound $.Sq.: xu s.sq.: x? N t: R/E P 
CB.1528 329.76 58.46 4 4.75 <0.01 
CB.2040 99.60 2.27 2 9.36 0.01 
CB.2511 95.53 5.84 7 10.72 <0.001 
CB.2628 35.50 30.49 6 2.64 <0.05 
is | a 

CB.I15S28 e@ 

CB. 2040 x 

CB. 2511 © 

. CB. 2628 « 


w 
2) 
T 


5 





Percentage sex-linked recessive lethals 
N 
fe) 
T 





Dose x 1072M 


Ficure 1.—The regression of mutation rate on molar dose, under various mesyloxy esters. 


The. analysis of the goodness-of-fit of the linear regressions is given in Table 5B. 
The most extensive data, and the best fit occurred with p-dimethanesulphonyl 
mannitol (CB.2511); the major sum of squares was accounted for by the regres- 
sion and the error item was insignificant. The linear fit was also most satisfactory 
for dimethanesulphonoxypropane (CB.2040) at low and moderate doses (up to 
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5 x 10m). It should be noted, however, that the highest dose experiment with 
this compound (9.5 x 10-’m, Table 2) was excluded from the analysis of the dose 
effect, since it was evident that the observed low mutagenicity could be an artifact 
of toxicity. In this experiment the mortality rate among the injected males was 
extremely high, and the few survivors were of low fertility. This suggests the 
occurrence of selective processes (among the treated individuals and the more 
affected germ cells) which would make the measured mutation rate among the 
small recoverable progeny most nonrepresentative. 

The fitted linear regressions for ethyl methanesulphonate and t-dimethane- 
sulphony! mannitol (CB.1528 and 2628, Table 5B) are highly significant and do 
account for the major part of the sum of squares between doses. On the other 
hand, the error items with both compounds were large and also significant. Evi- 
dence was available, however, that this is not due to the inadequacy of the linear 
regression, but is the outcome of variation in the biological activity of different 
preparations of the same compound. The highest dose experiment with the ethyl 
ester (CB.1528: 9.18 x 10-°m, Table 1) was undertaken with a different sample 
which was exceptionally toxic and poorly mutagenic. With the t-mannitol de- 
rivative a replicate experiment was undertaken with two different samples at the 
same dose (CB.2628, 16 x 10m, a and b, Table 3), but one gave nearly double 
the mutation rate of the other. 

The confusion of the dose effect under the above compounds is suggestive of 
the interplay of secondary reactions in the haemocoel of the injected flies. A 
detoxication reaction which is know to occur in vivo under the mesyloxy esters, 
is the alkylation of thiol groups of cysteine, or cysteine derivatives (RoBERTs and 
Warwick 1958, 1959). That this reaction is irrelevant to mutagenesis has been 
demonstrated by the fact that it does occur with ethyl iodide which is completely 
inactive mutagenically (Fanmy and Fanmy 1958). Nevertheless, this detoxi- 
cation reaction must result in the elimination of a proportion of the injected 
compound, and this proportion might well vary with the individual and the 
toxicity of the sample utilized. This could result in some variation in the amount 
of compound available for mutagenesis, which would cause unpredictable dis- 
turbances in the dose/effect relationship. 

Relative mutagenicity: For an elucidation of the role of molecular structure on 
mutagenicity, it is essential to compare the activity of the different compounds at 
the same molar concentration. For this purpose the best estimate per unit dose 
(10-*m) based on the data from all experiments is clearly the most representative. 
These estimates were accordingly preferred in the present comparative study. In 
some extreme cases, however, the utilization of a hundredth molar as a basis for 
the comparison was impracticable. Methyl methanesulphonate (CB.1540) killed 
the injected flies at concentrations above 0.45 X 10-*m, thus necessitating the 
selection of this dose for the comparison of the monomesylates. Conversely, 
dimethanesulphony] erythritol (CB.2562) revealed very weak mutagenicity at a 
concentration as high as 16 x 10-*m, and accordingly this dose was used in the 
comparison of the relative potency of the polyol-mesylates. 

The mutagenicity of equimolar concentrations of three homologous alkyl 
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monomesylates is given in Table 6 and compared with the in vitro chemical 
reactivity as measured by the hydrolysis constant in 50 percent aqueous acetone. 
While it is clear that the mutation rate is not exactly proportional to chemical 
reactivity, yet a convincing rank correlation does exist between the two. Muta- 
genicity and reactivity is highest for the methyl ester and lowest for the butyl, 
with the ethyl derivative in an intermediate position. It should be pointed out that 
even though the value of the mutation rate estimated for 0.45 x 10m of butyl 
methanesulphonate is within the range of the control level, there can be no doubt 
as to the mutagenicity of this compound, as the data at higher doses show (CB. 
2115, Table 1). 

A comparison of the mutagenicity and chemical reactivity of a series of 
‘dimesylates’ is illustrated in Table 7. There seems to be no convincing correlation 
between the two phenomena; the deviation being most marked with the butene 
compounds (CB.2094, 2095). This lack of correlation between chemical reac- 
tivity and mutagenicity is most evident also with the ‘polyol-mesylates.’ The data 
for mutagenicity with three of these derivatives (CB.2511, 2628 and 2562, Table 
3) at a dose of 16 X 10-*m have been compared statistically in a 2 X 3 contingency 
table, and revealed a highly significant difference (x? = 32.7, for two degrees of 
freedom, P<0.001). This is in spite of the fact that the chemical reactivity for all 
three compounds is roughly the same, being nearly double that of ““Myleran” 
(W. Davies, personal communication). 


TABLE 6 


The mutation rate under the monoalkylmethanesulphonaies (R-OSO, CH,) at the same dose 
(0.45 * 10-*m.) compared to the in vitro hydrolysis constant (k) in 50 percent 
aqueous acetone at 61°C 











Alkyl Mutation rate *Chemical reactivity 
Compound group (R) percent lethals 105 & sec 
CB.1540 CH, 11.50+1.18 4.82 
CB.1528 C,H, 3.00+0.66 1.59 
CB.2115 C,H, 0.26-+0.07 0.81 
* After R. D. MarsHaty 1954. 
TABLE 7 


The mutation rate under the dimethanesulphonoryalkanes CH ,SO,O-R-OSO, CH, at the same 
dose (10-2m) compared to the in vitro hydrolysis constant k in 50 percent aqueous acetone 





*Reactivity:105 & sec" 





‘*Prosthetic’’ Mutation rate relative 
Compound group (R) percent lethals 35° 61° to CB.2041 
CB.2058 CH,-C = C-CH, 11.362-1.23 2.77 1.5 
CB.2095 trans CH,CH = CHCH, 6.06+0.86 21.30 re 82.0 
CB.2041  (CH,), 3.18+0.72 0.26 1.79 1.0 
CB.2040  (CH,), 3.06-+0.30 0.48 0.3 
CB.2094 cis CH,CH = CHCH, 1.09+0.28 15.60 sh 60.0 








* After R. D. MarsHacy 1954. 
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The structure of the ‘prosthetic’ moiety of the mesyloxy esters seems to have a 
pronounced effect on mutagenicity with the more complex di- and polyol deriva- 
tives. Among the dimethanesulphonoxyalkanes (Table 7) the most unsaturated 
compound, viz. the butyne derivative (CB.2058), proved to be the most active 
mutagenically. Also the zrans-isomer of dimethanesulphonoxybutene (CB.2095), 
is markedly more mutagenic than the cis-form (CB.2094). With the polyol sub- 
series, the chain length between the active groups proved to be relevant; the 
mannitol compound (CB.2511) with six carbons in this chain is much more 
active than the erythritol derivative (CB.2562) with a central chain of four 
carbons (Table 2). More interesting is the fact that the steric configuration of the 
sugar moiety is most significant; the p-isomer of dimethanesulphony] mannitol is 
considerably more effective than the L-form (compare CB.2511 and 2628, Table 3 
and Figure 1). 

The solubility characteristics of the mesyloxy esters were examined to de- 
termine whether they play a role in influencing mutagenesis. Haematological 
studies (ELson 1958) in the rat showed that the neutrophil depressing action of 
the mesyloxy esters (the saturated homologues) depends on the length of the 
carbon chain between the active groups and this was found to correlate satis- 
factorily with the water/ether partition coefficient (Hupson, Trmmis and Mar- 
SHALL 1958). No such correlation seems to occur between solubility and muta- 
genicity. The water/ether solubility ratio for the propane derivative (CB.2040) 
is nearly five times that for the butane compound (Myleran, CB.2041), and yet 
their mutagenicity is not significantly different (Table 7). More significant in 
this connection is the situation with Myleran (CB.2041) as compared to its 
dihydroxy derivative: dimethanesulphonyl erythritol (CB.2562). The latter - 
diolester is highly soluble in water, and yet it is far less mutagenic than Myleran, 
which is its very sparingly soluble homologue. 


DISCUSSION 


Mutagenicity with the mesyloxy esters, as with other alkylating compounds, 
seems to be the outcome of a direct interchange reaction between the mutagenic 
molecule and the genetic material. These compounds exert their maximal activity 
on mature sperm (Fanumy and Faumy 1961a) where no anabolic activity is 
known to occur. This virtually excludes the possibility that genetic damage is due 
to the incorporation of atypical metabolites during nucleoprotein synthesis. Fur- 
thermore, the dose/effect relationship on the sperm with this series was shown 
to be linear, thus supporting the concept of direct action. It was noticed, however, 
that with some compounds of the series the linear dose effect was somewhat 
obscured. At high doses of extremely toxic compounds (such as dimethane- 
sulphonoxypropane, CB.2040) the mutation rate recovered was lower than 
expectation on the basis of linearity; the same also occurred with an exceptionally 
toxic sample (probably chemically impure) of the ethyl ester (CB.1528). This 
is believed to be an artifact of selection, most likely due to the elimination 
(through killing at the high doses) of the more responsive organisms (as well as 
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some of the more affected germ cells) from the test system. With nontoxic com- 
pounds, such as p-dimethanesulphonyl mannitol (CB.2511), the linear dose 
effect was maintained even at the higher dose levels. The proportionality of muta- 
tion rate to the injected molar dose has now been ascertained for the poly- 
ethyleneimines (Fanmy and Birp 1953), several ‘nitrogen mustards’ (FAHMY 
and Faumy 1960a), as well as for the present series of mesyloxy esters. This rela- 
tionship, therefore, may well be universal for the alkylating mutagens, as well as 
the other chemical mutagens which can react directly with the genetic nucleo- 
proteins under in vivo conditions. 

The role of chemical reactivity in mutagenesis has previously been examined 
in relation to the activity of a related series of ‘mustards’ (Fanmy’and Fanmy 
1960a). The level of chemical reactivity of these compounds was generally high 
and there was no absolute correlation between this function and mutagenic 
potency: equimolar concentrations of compounds of roughly the same reactivity 
induced in the sperm different mutation rates. This stands in sharp contrast to 
the present data with the monofunctional mesyloxy esters, which show a rank 
correlation between chemical reactivity and mutagenicity. It appears that with 
the mustards, chemical reactivity—being generally high—ceases to be the limit- 
ing factor in mutagenesis. With the monoalkylmethanesulphonates, on the other 
hand, the general low level of chemical reactivity is seemingly -on the threshold 
of the minimal requisite for mutagenesis. Accordingly, any fluctuations in this 
property, as a function of the alkyl group, seem to influence the mutagenic 
potency. 

Chemical reactivity is by no means the only factor controlling mutagenicity 
under the mesyloxy esters. The butene derivatives (CB.2094, 2095) did not exert 
the high mutagenicity which was expected on the basis of their high reactivity, 
and the trans-isomer (CB.2094) was markedly more effective than the cis-form 
(CB.2095). This difference in the activity of the stereoisomers, demonstrates the 
significance of the steric configuration of the ‘prosthetic’ moiety. The mechanism 
whereby this configuration affects mutagenicity is unknown. Clearly, however, 
the double bond in the centre of the molecule of the butene compounds fixes the 
geometric relative positions of the mesyloxy groups, and it is quite probable that 
the trans-configuration favours the interaction with the receptive sites within the 
genetic material. 

Another example illustrating the role of isomerism in mutagenesis, is the sit- 
uation with the mannitol derivatives, where the p-isomer (CB.2511) is con- 
siderably more mutagenic than the t-form (CB.2628). Since the p-isomer is the 
naturally occurring molecule, it would seem probable that this configuration is 
favourable for the penetration of the compound into the sperm heads. This could 
simply be the outcome of differences in the permeability of the cell and nuclear 
membranes to the two isomers. However, it may again be a function of the 
molecular configuration of the mutagenic molecule, in so far as it affects the 
‘approach’ to the receptive sites within the genetic nucleoproteins. Whatever the 
reason may be for the higher activity of the p-isomer, it provides another example 
of the higher efficiency of alkylating agents which are derivatives of naturally 
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occurring molecules. This recalls the situation with the amino acid mustards, 
where the derivative of the naturally occurring phenylalanine (CB.3025, ‘Mel- 
phalan’) was more mutagenic than the derivative of the unnatural phenyl- 
aminobutyric acid, CB.1385 (Faumy and Faumy 1960a). There was evidence 
also, that the naturally occurring isomer of phenylalanine (the L-form) was 
relatively more mutagenic on the earlier sperm mother cells (especially the meta- 
bolically active spermatogonia) than the unnatural p-isomer, or the pL-mixture 
(Faumy and Faumy 1960b). 

Recently attention has been drawn to the possible role of ethylation in muta- 
genesis with the alkylating compounds (Love ess 1959; LoveLess and HowartH 
1959). In bacteriophage, mutations were induced by treating the virus in vitro by 
ethylating agents, such as diethyl sulphate and ethyl methanesulphonate. On the 
other hand, treatment with a much lower molar dose of methyl methane- 
sulphonate (because of limitations of toxicity), while inactivating the phage, did 
not result in any mutations. This is in sharp contrast to the present results in 
Drosophila. At the same injected molar dose, methyl methanesulphonate was far 
more active than the ethyl derivative (by a factor of nearly four, Table 6); a 
difference which on the basis of the data was found to be very highly significant 
(P<10-°). Nevertheless, by virtue of the much lower toxicity of the ethyl ester it 
was possible, by raising the injected dose, to obtain very high levels of mutagenic 
activity. Indeed, ethyl methanesulphonate is by far the most effective tool for the 
induction of mutations among the mesyloxy esters so far investigated. 


SUMMARY 


The sex-linked recessive lethal rate induced in the sperm by the mesyloxy esters 
increases linearly with the injected molar dose at low and moderate concentra- 
tions. For nontoxic compounds (p-dimethanesulphony] mannitol) this linear dose 
effect is maintained even at high doses. 

Equimolar concentrations of various mesyloxy esters induced in the sperm sig- 
nificantly different mutation rates. With the monoalkylmethanesulphonates, 
there was a rank correlation between chemical reactivity of the mesyloxy group 
and mutagenicity. With the more complex difunctional alkane and alkanol 
derivatives, however, chemical reactivity was not the controlling factor. The 
steric configuration of the nonalkylating, or ‘prosthetic,’ moiety of the molecule 
sometimes played an overriding role in mutagenesis. 
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Eas information concerning chromatid and chiasma interference which is 

now available from tetrads of a number of organisms shows many conflicting 
results and variable situations. An excess of 2-strand double exchanges has been 
found in Neurospora crassa (LINDEGREN and LINDEGREN 1942) and in yeast 
(DEsBorouGH, SHULT, YosHIDA and LINDEGREN 1960). Maxine (1959) found a 
deficiency of 3-strand double exchanges in N. crassa after treatment with 5- 
bromouracil, but other treatments produced no evidence of chromatid interfer- 
ence. HAwTHORNE and Mortimer (1960) obtained a deficiency of 3-strand double 
exchanges in yeast. The same type of deficiency was also found for one pair of 
intervals in Chlamydomonas reinhardi, but no chromatid interference was found 
in two other pairs of intervals of the same cross (EBERsoLp and Levine 1959). 
No chromatid interference has been found in N. crassa (Howe 1956; Perkins 
1956; SrapLeR 1956), in Aspergillus nidulans (SrRicKLAND 1958) or in Sphaero- 
carpus (Knapp 1960). In general, no chromatid interference has been found in 
Drosophila, but there was an almost significant excess of 2-strand double ex- 
changes when only short intervals were considered (for review see WELSHONS 
1955). 

Chiasma interference cannot be determined from random strands without prior 
knowledge of the presence or absence of chromatid interference. Assuming chro- 
matid interference to be absent, chiasma interference has been shown to be posi- 
tive within the chromosome arms of Drosophila (ANDERSON and RxoapeEs 1931; 
Morcan, Brinces and SHuttz 1935) and absent across the centromeres. From 
tetrad data chiasma interference has been shown to be positive within the chromo- 
some arms of Neurospora (PERK1INs 1955, 1958 and unpublished; StapLer 1956; 
Howe 1956), Chlamydomonas (Esersoup and Levine 1959) and Sphaerocarpus 
(Knapp and M6iier 1955), but absent in Aspergillus nidulans (STRICKLAND 
1958) and in yeast (SHULT and LINDEGREN 1959; DesBorouGH, SHULT, YOSHIDA 
and LinDEGREN 1960). On the contrary, positive chiasma interference is reported 
in yeast by HAawTHORNE and Mortimer (1960). 

The extent to which chromatid and chiasma interference can be distinguished. 
and separated has been discussed recently by SHutr and LinpEGREN (1959), 
while some errors of experimental design which may obscure chromatid inter- 
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2 Present address: Department of Botany, Dartmouth College, Hanover, New Hampshire. 
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ference have been suggested by SrricKLaNp (1958). In designing the present 
experiments, these features were taken into account in an effort to resolve previous 
conflicting results. 


MATERIALS AND METHODS 


In much of the work on chromatid and chiasma interference, intervals have 
been used that were too long to detect all multiple exchanges within the region 
under investigation. WHITEHOUSE (1956) has pointed out that undetected mul- 
tiple exchanges within intervals may obscure interference. Therefore, the first 
problem in the present study was to select a chromosome region in WN. crassa 
where known loci were spaced so that a minimum of undetected multiple ex- 
changes occurred. On the other hand, the loci had to be sufficiently far apart to 
allow recovery of a reasonable number of double exchanges. Based on the analysis 
of 760 tetrads with various interval lengths, intervals of 5-10 units were found 
to be suitable. A region of linkage group V far out on the right arm appeared to 
carry several suitable closely spaced markers. The loci selected as markers in 
these experiments were hist-1, histidine-1 (C84); imos, inositol (37401); bis 
biscuit (B6) and pab-2, p-aminobenzoic acid-2 (H193). The linkage relations of 
these loci have been summarized recently (see STRICKLAND, PERKINS and 
Veatcu 1959). To facilitate recognition of spore pairs, two other independently 
segregating loci included in the cross were aur, aurescent (34508), in linkage 
group I and ylo, yellow (Y30539y), in linkage group VI. An unlocated gene 
determining slow growth also segregated in all the crosses. All the stocks con- 
taining the markers were backcrossed several times to derivatives of St. Lawrence 
wild-type strains prior to their incorporation into multiply marked strains. The 
alleles were incorporated into four strains in the following arrangements: 


hist-1, bis; ylo; aur a (320) hist-1, bis; ylo; a (324) 
inos, pab-2; slo; A (927) inos, pab-2; slo; aur A (72) 


Numbers 320 and 324 were obtained from a single cross and 72 was obtained 
by backcrossing 927 to an inbred aurescent strain. Thus all four parents have 
fairly closely related genetic backgrounds. Progeny from all four possible crosses 
of these four strains were analyzed and the ascospores from individual asci were 
collected by a “spore shooting” technique (SrricKLAND 1960). This technique 
gives unordered asci. Each of the eight ascospores from each individual ascus to 
be analyzed was germinated separately on an agar slant. In order to detect all 
exchanges, it is unnecessary to determine the genotypes of all eight cultures 
derived from each ascus. If the pairs were recognizable by inspection of the 
germinated cultures, only two cultures need be tested; if the pairs were not 
recognizable, only three need be tested. The method is to test one culture from 
each of the two pairs containing biscuit or one culture from each of the two pairs 
containing biscuit+. All double exchanges (and higher multiple exchanges) can 
be recognized by the fact that both cultures will result from single crossovers (or 
combinations of single and multiple crossovers) or one of the cultures will result 
from a double crossover (or multiple crossover) (Chart 1). Two exceptions to this 
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rule occur when there are 3-strand double exchanges involving the two intervals 
hist-1—inos, inos—bis. With one type of 3-strand double exchange in these two 
intervals only a single crossover strand in the inos—bis interval will be found if 
the cultures from the two bis~ spore pairs are tested. With the other type of 3- 
strand double exchange in these two intervals only a single crossover strand in 
the znos—bis interval will be found if the two bis+ spore pairs are tested. There- 
fore, when an exchange in the inos—bis interval was detected from the presence 
of a single crossover strand, one culture from each of the other two spore pairs 
was tested in order to insure that an exchange in the hist-1—inos interval would 
not be missed. When a double or multiple exchange of any type was detected, all 
the spores of that ascus were tested and scored completely for all the segregating 
loci, including sex. 

All crosses were carried out at 25° on suitably supplemented synthetic crossing 
medium (WesTERGAARD and MitrcHetu 1947). The ascospores were isolated to 
specifically supplemented minimal medium to avoid histidine inhibition by com- 
plete medium (Letn, MircHe.y and Houtawan 1948; Haas, MrrcHELL, AMES 


and MircHeE tt 1952). 


RESULTS 


The data from the four possible crosses are given in Tables 1 to 4. These tables 
include the incompletely classifiable tetrads. None of these incompletely classifi- 
able samples showed any signs of being selected with respect to either allele ratios 
or tetrad classes. 

(a) Chiasma interference (Table 5): If the strand relations of double and 
multiple exchanges could be predicted it would be more efficient to study chiasma 
interference by the use of ascospores isolated at random than by tetrad analysis. 
However, the information is also available from tetrads. By definition, with no 
chiasma interference, exchanges occurring in any one interval should be inde- 
pendent of those occurring in any other interval. 

In all cases the observed number of double exchanges is significantly less than 
the expected number (Table 5). Therefore, positive chiasma interference exists; 
the coefficients of coincidence between exchanges in tetrads range from 0.14 to 
0.45. 

(b) Chromatid interference (Table 6): Because the intervals selected were 
sufficiently short to minimize undetected double exchanges, the number of 
multiple exchanges within the entire chromosome region studied is meager 
despite the large number of asci analyzed. Therefore, in order to have significant 
numbers of multiples some pooling of the data from the various crosses is neces- 
sary. 

Cross 320 X 927 (Table 6, section a): Only 17 double exchanges were obtained 
in 1802 completely analyzable tetrads. The ratio obtained was nine 2-strand:one 
3-strand:seven 4-strand double exchanges. If the expected ratio is 1:2:1, the 
probability of obtaining these values is 0.001. There was almost a complete 
absence of 3-strand double exchanges. Two other tetrads were double exchanges 
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CHART 1 








Genotypes which will be recovered from asci having various types of double exchanges 





























































































































Types of double exchange Genotypes Type of strand 
hist-1 + bis + hist-1 + bis + Parental 
hist-1 + bis + hist-1 inos bis + Double 

+  inos + _ pab-2 oe + ++  pab-2 Double 

+  inos + _ pab-2 + inos + _ pab-2 Parental 
hist-1 + bis + hist-1 inos bis + Double 
hist-1 + bis + ot + bis + Single 

+  inos + _ pab-2 hist-1 + +  pab-2 Single 

+  inos +  pab-2 +  inos + _ pab-2 Parental* 
hist-1 + bis + hist-1 + bis + Parental+ 
hist-1 + bis + + inos bis + Single 

+  inos + _  pab-2 hist-1 inos + pab-2 Single 

+ inos + _ pab-2 + + +  pab-2 Double 
hist-1 + bis + a + bis + Single 
hist-1 + bis + 4. inos bis + Single 

+ inos + _  pab-2 hist-1 + +  pab-2 Single 

+ inos + _ pab-2 hist-1 inos +  pab-2 Single 
hist-1 + bis + hist-1 + bis + Parental 
hist-1 + bis + 4. + bis pab-2 Double 

+ inos +  pab-2 hist-1 inos + + Double 

tt inos + _ pab-2 -t inos +  pab-2 Parental 
hist-1 + bis + hist-1 + bis + Parental 
hist-1 + bis + + + bis pab-2 Double 

+  inos + _ pab-2 hist-1 inos +  pab-2 Single 

+ inos -+ pab-2 + inos + + Single 

; 
hist-1 + bis + hist-1 + bis pab-2 Single 
hist-1 + bis + 4. + bis + Single 

+ inos + _ pab-2 hist-1 inos + + Double 

+ inos +  pab-2 + inos -+  pab-2 Parental 
hist-1 + bis + hist-1 + bis pab-2 Single 
hist-1 + bis + + + bis + Single 

4+ inos + _ pab-2 +- inos + + Single 

+  inos + _ pab-2 hist-1 inos +  pab-2 Single 
hist-1 + bis + hist-1 + bis + Parental 
hist-1 + bis + +- inos bis pab-2 Double 

+ inos + pab-2 his-1 + + + Double 

+ inos +  pab-2 + inos +  pab-2 Parental 
hist-1 + bis + hist-1 + bis pab-2 Single 
hist-1 + bis + + inos bis + Single 

oo inos -+  pab-2 his-1 + + + Double 

+ inos + _ pab-2 + inos +  pab-2 Parental 
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Genotypes which will be recovered from asci having various types of double exchanges 





























Types of double exchange Genotypes Type of strand 
hist-1 + bis + hist-1 + bis + Parental 
hist-1 + bis + + inos bis pab-2 Double 

+ inos + _ pab-2 hist-1 + + pab-2 Single 
+  inos + _ pab-2 + inos + + Single 
hist-1 + bis + hist-1 + bis pab-2 Single 
hist-1 + bis + + inos bis + Single 
+  inos + _ pab-2 hist-1 + +  pab-2 Single 
+  inos + _ pab-2 + inos + + Single 








* When a single exchange in the inos—bis interval is found by testing the bis+ spore pairs, then all genotypes must be 


tested. 
+ When a single exchange in the inos—bis interval is found by testing the bis spore pairs, then all genotypes must be 


tested. 


in the inos—bis, bis—pab-2 intervals but they were both associated with a 3:1 
ratio of inos:inos+. As a consequence they could have been either 3-strand or 
4-strand double exchanges (see Asci numbers 3 and 4, Table 7). Even if both 
these double exchanges were 3-strand doubles, the deviation from 1:2:1 would 
still be significant. 

Crosses 324 X 72; 324 X 927 and 320 X 72 (Table 6, sections b, c and d): Only 
33 double exchanges were obtained in 1968 completely analyzable tetrads from 
324 x 72. Similarly, only 45 double exchanges were obtained in 2239 completely 
analyzable tetrads from 324 x 927, and again only 40 double exchanges were 
obtained in 2810 completely analyzable tetrads from 320 X 72. There were 
generally more 2-strand double exchanges than 4-strand double exchanges in the 
adjacent intervals of all three crosses. This was not the case, however, for the 
nonadjacent pair of intervals. The pooled data from the adjacent intervals (Table 
6, section e) gave 22 2-strand:41 3-strand:10 4-strand double exchanges. The 
probability that these results agree with a ratio of 1:2:1 is between 0.10 and 0.05. 
However, significantly more 2-strand than 4-strand double exchanges (0.05 >P> 
0.02) were obtained. On the other hand, the pooled data from the nonadjacent . 
intervals gave 11 2-strand:22 3-strand:12 4strand double exchanges, clearly a 
good agreement with the hypothesis of random strand exchange. One of the 
4-strand double exchange tetrads from the cross 324 X 72 gave an irregular 
segregation of 3 ylo+:1 ylo (see Ascus 12 of Table 7). 

(c) Abnormal tetrads: The eight spores within any one ascus from a cross 
between two marked haploid strains of N. crassa usually show segregation in a 
1:1 allele ratio with respect to each marker. Occasionally an exceptional ascus is 
found where one or more alleles segregate in a ratio other than 1:1. Ninety-eight 
such abnormal asci were recovered from the 10,269 collected from the four crosses. 
Since usually only two or three cultures arising from the eight spores of each 
ascus were tested for nutritional requirements, total numbers of irregularly 
segregating asci were observed only for the visible markers biscuit, yellow and 
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TABLE 1 


Analysis of cross 320 927 




















Recombination fraction .043 .050 101 
Interval 1 2 3 
strand a hist-1 +. bis +- aur a ylo (320) 
strand b ~ AA 
strand c -_ 
strand d all (927) 
+- inos + pab-2 +A of 


Strands involved in apparent exchanges 


Total no. of tetrads 














Interval 1 Interval 2 Interval 3 
None None None 1120 
b, c None None 148 
None b, c None 168 
None None b, c 349 
b, c ae None 1) 
b, c a, c None 1 
b, c a, d None 1 
b, c None b, c 34+ 
b, c None a, d 2 
None b, c b, c 5 
None b, c a, d 4 
1802 
Incompletely analyzable tetrads* 
None None None 94 
b, c None None 15 
None b, c None 11 
None None b, c 16 
136 
No germination 9 
Abnormal 14 
Total 1961 





* Incompletely analyzable tetrads are those in which only one or two genotypes were recovered. In this cross there were 


115 with two genotypes and 21 with one genotype. : ; 
+ Among the 17 completely analyzable multiple exchanges there were 16 with four genotypes and one with three geno- 


types. 


aurescent. Abnormal ratios at the three nutritional loci were only recovered 
because the irregular segregation caused the semblance of a double exchange in 
that ascus. As a consequence the whole ascus was tested, and the putative double 
exchange was found to be due to an irregular segregation rather than a double 
exchange. 

The 98 tetrads showing irregular segregations could have arisen either by 
genuine irregular segregation or by contamination. Exceptional asci were ascribed 
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TABLE 2 
Analysis of cross 324 X 72 





Recombination fraction .072 .053 .090 











Interval 1 2 3 

strand a hist-1 -. bis + +a ylo (324) 
strand b as 

strand c 

strand d (72) 





+ inos +  pab-2 aurA +. 


Strands involved in apparent exchanges Total no. of tetrads 














Interval 1 Interval 2 Interval 3 
None None None 1161 
b, c None None 262 
None b, c None 185 
None None b, c 327 
b, c b, c None 1) 
b, c a, Cc None 1 
b, c None b, c 2 
b, c None a, c 3 
b, c None b, d 4 
b, c None a, d 3 
None b, c < 4i+¢ 
None b, c a, Cc 6( 
None bc b, d 3 
None b, c a, d 2 
b, c a, c ¢ 1 
b, c b, c a, d 1 
b,c and a,d None None 1 
None b,c and a,d None 1} 
1968 
Incompletely classifiable tetrads* 
None None None 250 
bh < None None 41 
None oC None 27 
None None b, c 77 
None b, c a, c 1 
396 
No germination 33 
Abnormal 26 
Total 2423 





* Incompletely analyzable tetrads are those in which only one or two genotypes were recovered. In this cross there were 
319 with two genotypes and 77 with one genotype. 

+ Among the 33 completely analyzable mu 
genotypes. T i 


pe , 
Itiple exchanges there were 25 with four genotypes and eight with three 
‘he latter group contained four 2-strand double exchanges with only one recombinant genotype recovered. 








1132 


W. N. STRICKLAND 


TABLE 3 
Analysis of cross 324 X 927 








Recombination fraction .065 


Interval 


strand a 
strand b 


strand c 
strand d 


Interval 1 
None 
b, c 
None 
None 


- s 


- = 


a — — a — 
ao oa @ G@ Aa & 


a 


b,c and a,d 
None 














Incompletely analyzable tetrads* 


None 
bc 

None 
None 


.059 .107 
1 2 
hist-1 oa bis 4+ +a 
+ inos + pab-2 +A 
Strands involved in apparent exchanges 
Interval 2 Interval 3 
None None 
None None 
b, c None 
None b, c 
b, c None 
a.< None 
b, d None 
a, d None 
None b, c 
None a, c 
None b, d 
None a, d 
b, c bc 
b, c a, Cc 
b, c b, d 
bc a, d 
b, c bc 
None None 
b,c and a,d_ b,c 
None None 
None None 
bc None 
None b, c 
None b, c 


b, c 


No germination 
Abnormal 


ylo. (324) 


(927) 


Total no. of tetrads 


1254 
260 
239 
439 


J 


ORK RP WAANK DANN KH WR 
+ 














2239 
220 
32 
39 
57 
1 
349 
10 
35 
Total 2633 





* Incompletely analyzable tetrads are those in which only one or two genotypes were recovered, In this cross there were 


304 with two pemetyoce and 48 with one genotype. 


+ Among t 


e 46 completely analyzable multiple exchanges there were 33 with four genotypes and 13 with three 


genotypes. The latter group contained two 2-strand double exchanges with only one recombinant genotype recovered. 
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TABLE 4 
Analysis of cross 320 X 72 





Recombination fraction .054 .063 106 


























Interval 1 2 3 
strand a hist-1 oe bis + aur a ylo (320) 
strand b ae 
strand c 
strand d es (72) 
ot inos + pab-2 aur A + 
Strands involved in apparent exchanges Total no. of tetrads 
Interval 1 Interval 2 Interval 3 
None None None 1597 
b, c None None 282 
None b, c None 329 
None None b, c 564 
b,c b, c None 2) 
b, c a, c None 2 
b, c b, d None 2 
b, c None b, c 2 
b, c None é.-¢ 3 
b, c None b, d 4 
b, c None a, d 44+ 
None Bot b, c 4 
None b,c a, C 4 
None b, ¢ b, d 6 
None b, c a, d 3 
b, c a © a, d 1 
b, ¢ a, d b, d 1} 
2810 
Incompletely analyzable tetrads* 
None None None 254 
b, ¢ None None 34 
None b, c None 38 
None None bh. -€ 77 
b, c b, d None 1 
b, ¢ None bc 1 
None b, c b,d or a,d 1 
406 
No germination 13 
Abnormal 23 
Total 3252 





* Incompletely analyzable tetrads are those in which only one or two genotypes were recovered, In this cross there were 


360 with two genotypes and 46 with one genotype. . . 
+ Among the 38 completely analyzable multiple exchanges there were 30 with four genotypes and eight with three 
genotypes. The latter group contained one 2-strand double exchange with only one recombinant genotype recovered. 
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TABLE 5 


Number of double exchanges observed and expected from different pairs of intervals in the four 
crosses 320 X 927, 324 X 72, 324 X 927, and 320 X 72 





Pairs of intervals 





hist-1—inos inos—bis hist-1—inos 
inos—bis bis—pab-2 bis—pab-2 
Cross Observed Expected Observed Expected Observed Expected 

320 x 927 3 15.7 9 36.7 5 31.6 
324 « 72 4 29.5 17 37.6 14 50.0 
324 X 927 7 34.2 18 56.4 21 61.5 
320 x 72 8 38.2 19 75.2 15 64.3 
Pooled 22 117.6 63 205.9 55 207.4 

GC=019 CcC=031 C=027 





to one or the other of these two possibilities on the following basis: If the separated 
allele ratio of an ascus could be rendered normal by the rejection of a single 
ascospore which possessed a genotype that occurred frequently in the progeny of 
the cross, then contamination would be more probable than irregular segregation. 
On the other hand, if normalization depended on the rejection of one (or more) 
ascospore(s) having a very rare genotype, then contamination would seem to be 
a less plausible explanation than irregular segregation. In this paper contamina- 
tion is not considered plausible if the ascospore(s) to be rejected had genotypes 
occurring with a frequency of one in 100 or less in a large random sample of 
ascospores. On the basis of this rigorous criterion for establishing the “genuine- 
ness” of abnormal asci, 79 out of the 98 observed exceptions could have resulted 
from contamination. The remaining 19 are listed in Table 7, and their origin and 
significance are considered in the discussion. 

(d) New mutant: A spontaneous mutant strain was found which requires 
phenylalanine plus tyrosine for growth at 34°C, but shows no requirement at 
25°C (B.N. Bore-Gowpa, unpublished). This strain is assigned the symbol pt 
(N.S. 1) (see Table 7, Ascus Number 11). pt strains secrete a substance into the 
medium which fluoresces blue (detectable with a Blak-Ray long wave ultraviolet 
lamp manufactured by Ultra-Violet Products, Inc., San Gabriel, Calif.). After 
several days the medium becomes dark brown. pt is located on linkage group IV 
(B.N. Bote-Gowna, unpublished) between pdz-/ and pyr-3 (Barry 1960). It 
has not been tested for allelism with pt (S4342), which is in the same region 
(CoLBuRN 1958). 


DISCUSSION 


Chiasma interference: Positive interference was found between exchanges in 
tetrads. This finding is in agreement with all previous work on chiasma inter- 
ference within chromosome arms in Neurospora. 

Chromatid interference: The total data from the cross 320 x 927 showed a 
significant deficiency of 3-strand double exchanges. In the other three crosses 
the proportion of 2-strand, 3-strand and 4-strand double exchanges from the 














Strand relationships of double exchanges 


TABLE 6 
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Adjacent intervals 


Nonadjacent intervals 








(a) 
Cross 320 « 927 
hist-1—inos inos—bis hist-1—inos 
inos—bis bis—pab-2 Pooled bis—pab-2 Pooled 
2-strand 3 + 5 9 
3-strand 1 0 1 0 1 
4-strand 1 2 3 + 7 
P—0.001 
(b) 
Cross 324 x 72 
hist-1—inos inos—bis hist-1—inos 
inos—bis bis—pab-2 Pooled bis—pab-2 Pooled 
2-strand ‘ 5 7 2 9 
3-strand 2 9 11 7 18 
4-strand 0 3 3 3 6 
(c) 
Cross 324 « 927 
hist-1—inos inos—bis hist-1—inos 
inos—bis bis—pab-2 Pooled bis—pab-2 Pooled 
2-strand 2 7 9 7 16 
3-strand + 9 13 8 21 
4-strand 2 1 3 5 8 
0.20>P>0.10 
(d) 
Cross 320 « 72 
hist-1—inos inos—bis hist-1—inos 
inos—bis bis—pab-2 Pooled bis—pab-2 Pooled 
2-strand 2 + 6 2 8 
3-strand 5 12 17 7 24 
4-strand 1 3 4 + 8 
(e) 
Crosses (324 & 72); (324 & 927) and (320 x 72) 
hist-1—inos inos—bis hist-1—inos 
inos—bis bis—pab-2 Pooled bis—pab-2 Pooled 
2-strand 16 22 11 33 
3-strand 11 30 41 22 63 
4-strand 3 7 10 12 22 
N.S.D. x2); = 4.73 X72) = 5.05 N.S.D. N.S.D. 
0.10>P>0.05 0.10>P>0.05 
P values indicate probability of 1:2:1 ratios. 


adjacent pairs of intervals was different from that in the nonadjacent pair of 
intervals. In these adjacent pairs of intervals there was an excess of 2-strand 
double exchanges relative to the expected number of 4-strand doubles, indicating 
negative chromatid interference, while in the nonadjacent pair of intervals there 
was no evidence of chromatid interference. 

Previous work on chromatid interference sometimes has indicated that it is 
present and sometimes that it is absent. LINDEGREN and LINDEGREN (1942) using 
intervals of 3.5 to 8.0 units in the centromere region of linkage group I of N. crassa 
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TABLE 7 


Asci with segregation ratios other than 1:1 

















Number of 
Cross and ascus number Genotypes spores germinating 

hist-1 bis; ylo; aur (320) a hist-1 + bis + - = 2 
xX inos pab-2 (927) A hist-1 + bis + + aura 2 
Ascus 1 + inos + pab-2 ylo aur a 2 

a inos -++ pab-2 ylo qur a 2 
hist-1 bis; ylo; aur (320) a hist-1 inos + pab-2 + aur a 2 
X Inos pab-2 (927) A hist-1 + bis + ylo + A 2 
Ascus 2 hist-1 + bis pab-2 + aur a 2 

+ ino + + ylo + A 2 
hist-1 bis; ylo; aur (320) a a oe = ylo + A 1 
< inos pab-2 (927) A hist-1 inos bis pab2 + + A 2 
Ascus 3 hist-1 + + pab2 + aur a 2 

te inos bis + ylo aur a 2 
hist-1 bis; ylo; aur (320) a a> nos 4 | ylo aur a 2 
X inos pab-2 (927) A hist-1 inos bis pab-2 + aur A 2 
Ascus + hist-1 + + pab2 + + A 2 

ate inos bis + ylo + a 2 
hist-1 bis; ylo (324) a hist-1 + + pab2 ylo + A 2 
xX inos pab-2; aur (72) A a inos bis + a es ee 2 
Ascus 5 hist-1 + bis + + + &@ 2 

of inos + pab-2 ylo + A 2 
hist-1 bis; ylo (324) a hist-1 + bis + + + A 2 
< Inos pab-2; aur (72) A hist-1 + bis + ylo = A 2 
Ascus 6 oh inos + pab2 + + A 2 

+ inos + pab-2 ylo + A 2 
hist-1 bis; ylo (324) a hist-1 + bis + —- + @ 2 
< inos pab-2; aur (72) A -+- inos + pab-2 ylo + A 2 
Ascus 7 + inos + pab2 + + a 1 
hist-1 bis; ylo (324) a hist-1 + bis + ylo aur A 2 
xX inos pab-2; aur (72) A + inos + pab-2 + aur A 2 
Ascus 8 -}- inos -+- pab-2 ylo aur A 2 
hist-1 bis; ylo (324) a hist-1 + bis + + aur A g 
< inos pab-2; aur (72) A hist-1 + bis + yo) = 2 
Ascus 9 -+ inos -+ pab-2 + aur A g 

+  inos + pab-2 ylo aur a 1 
hist-1 bis; ylo (324) a hist-1 + bis + ylo aur A 2 
X inos pab-2; aur (72) A hist-1 + bis + ylo + a 1 
Ascus 10 + inos + pab2 + + a 2 

+ inos + pab2 + + a 2 
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Asci with segregation ratios other than 1:1 
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Number of 
Cross and ascus number Genotypes spores germinating 

hist-1 bis; ylo (324) a hist-1 + bis + + ar At 2 
xX inos pab-2; aur (72) A + inos + pab-2 + aur Apt 2 
Ascus 11 + inos + pab-2 ylo + apt 2 
hist-1 bis; ylo (324) a hist-1 + + pab2 + + a 2 
xX inos pab-2; aur (72) A + inos bis + + + a 1 
Ascus 12 hist-1 inos + pab-2 ylo aur A 2 
a + bis + + ara 1 

hist-1 bis; ylo (324) a hist-1 + bis + + +> A 1 
X inos pab-2; aur (72) A hist-1 + bis + ylo + a 1 
Ascus 13 oe inos + pab2 + + a 2 
+ inos + pab-2 ylo + A 2 

hist-1 bis; ylo (324) a hist-1 + bis + ylo aur A 2 
X inos pab-2; aur (72) A hist-1 + bis + + aur A 2 
Ascus 14 + inos + pab-2 ylo aur A 2 
+ inos + pab2 + + a 2 

hist-1 bis; ylo (324) a hist-1 + + pab2 + + @ 2 
< inos pab-2; aur (72) A hist-1 inos + pab-2 + aur a 2 
Ascus 15 ot + bs + ylo aur A S 
— ne 3 = ylo + A 2 

hist-1 bis; ylo (324) a hist-1 + bis + ylo A 2 
xX inos pab-2 (927) A hist-1 + bis pab-2 + a 2 
Ascus 16 -t- inos + + + a 1 
+ inos + pab-2 ylo A 2 

siz 7, + + —~ © ° 

hist-1 bis; ylo (324) a hist-1 + bis + ylo a 2 
xX inos pab-2 (927) A hist-1 + bis + ylo a 1 
Ascus 17 + — inos + pab-2 + A 2 
+ inos bis pab2 + A 2 

hist-1 bis; ylo (324) a hist-1 + + pab2 + A 2 
X inos pab-2 (927) A +- inos bis + ylo a 2 
Ascus 18 + inos bis + ylo a 2 
hist-1 + bis pab2 + A 2 

hist-1 bis; ylo; aur (320) a hist-1 + bis + ylo A 2 
X inos pab-2; aur (72) A hist-1 + bis pab-2 ylo a 2 
Ascus 19 + inose + + + a 2 
+ inos + + + A 1 





* Outcrossed—no segregation. 
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found an excess of 2-strand doubles. This interference was found in a pair of 
intervals in which the centromere was not used as a marker. Matine (1959) 
found a deficiency of 3-strand double exchanges in a cross of N. crassa which had 
been treated with 5-bromouracil. Howe (1956) and Srapier (1956) did not find 
chromatid interference in N. crassa. Perkins (1956) using intervals of ten 
percent to 23 percent recombination did not find any significant deviation from 
a 1:2:1 ratio although the ratio of 2-strand to 4strand double exchanges was 
20:10 (0.10>P>0.05). An excess of 2-strand double exchanges has also been 
found in yeast (DesBoroucu, et al. 1960). In contrast, a deficiency of 3-strand 
double exchanges has been found in yeast (HAawTHOoRNE and Mortimer 1960) 
and in Chlamydomonas (EsBersoup and Levine 1959). Finally, chromatid inter- 
ference has not been found in Aspergillus (SrrickLaANp 1958) or in Sphaero- 
carpus (Knapp 1960). 

The experiments reported here, taken together with previous results by other 
workers, suggest that chromatid interference is variable in its manifestations. 
This variability can be explained by the two-phase model of exchange which has 
been thoroughly discussed by Scuwarrz (1953, 1954). This two-phase model of 
exchange may be extended by postulating variation in the frequency of sister- 
strand exchanges between adjacent new-strand exchanges. In the present study 
there is an excess of 2-strand double exchanges in the two adjacent pairs of inter- 
vals from the three crosses 324 X 927, 324 x 72 and 320 x 72 but there is random- 
ness when the two nonadjacent intervals are considered. Perhaps in this case the 
frequency of sister-strand exchanges is sufficiently low so that a deviation from 
randomness shows when the nonsister-strand exchanges are 10-15 units apart. 
On the other hand, when the nonsister-strand exchanges are 15—20 units apart it 
is not low enough to show a deviation. In the case of the cross 320 X 927 where 
there is a deficiency of 3-strand double exchanges, the sister-strand exchanges 
may be infrequent but they may be symmetrically placed when they do occur. 

Irregular segregations: WINKLER (1930) first reported that alleles do not always 
segregate in a 1:1 ratio. LinDEGREN (1953) revived interest in the phenomenon 
with his work on irregular segregations in yeast; MircHEt (1955) first reported 
irregular segregations in Neurospora tetrads. The data on irregular segregations 
have been reviewed by PontrEecorvo (1958). More recently such studies as those 
of Case and Gries (1958), and StapLER (1959) have focused attention on the 
correlation of crossing over with gene conversion. Papazian and LINDEGREN 
(1960) describe the phenomenon as follows: “. . . alleles, in the heterozygous 
state, mutate to or are replaced by other alleles at a rate much higher than the 
spontaneous mutation rate.” This change is not random as mutations appear to 
be, but the new allele is the same as one of the parental alleles (Roman 1956). 

All of the irregular segregations to be discussed are listed in Table 7. Four of 
them (numbers 1, 9, 10 and 14) gave 3:1 ratios for both aur and sex: two (num- 
bers 5 and 6) gave 4:0 for both aur and sex; and one incomplete tetrad (number 
8) gave either 4:0 or 3:1 ratios for both aur and sex. Ascus number 7 is at least 
3:1 with respect to aur but the segregation of sex cannot be determined. Since 
these two markers are far apart on opposite arms of the same chromosomes, prob- 
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ably these ratios were caused by irregular chromosomal segregations before and 
during meiosis. There may be something peculiar about the segregation of linkage 
group I in the cross 324 x 72 since seven of these eight asci involving aur and sex 
came from this cross. 

The frequencies of single irregular segregations at the three visible loci were 
extremely low. aur was segregating in only two of the crosses (320 X 927, and 
324 x 72) so only 3814 completely analyzable tetrads with respect to this marker 
were observed. Only one 4:0 ratio of aur+:aur (Ascus 13) was recovered. The 
two markers ylo and bis were segregating in all four crosses and 8921 completely 
analyzable tetrads with respect to these markers were observed. Again, only one 
tetrad showed a 3:1 segregation of ylo+:ylo (number 12). Three tetrads were 
abnormal with respect to bis (numbers 15, 17 and 18). Numbers 17 and 18 gave 
ratios of 3:1 bis:bis+ while number 15 gave a ratio of 3:1 bis+:bis. In one of 
these asci (number 17) the irregular segregation was not associated with an 
exchange, but in the other two (numbers 15 and 18) the irregular segregation 
was accompanied by two other exchanges. These irregular 3:1 segregations at 
the bis loci were most probably the result of gene conversion. The number of 
conversions is insufficient to give a statistically significant correlation of ex- 
changes and conversion, as was suggested by STapLER (1959). 

As a consequence of a conversion occurring in an ascus which also contained a 
reciprocal exchange, one 3:1 ratio of hist-1:hist+ (number 2), two 3:1 ratios of 
inos:inos+ (numbers 3 and 4) and one 3:1 ratio of pab-2+:pab-2 (number 19) 
were recovered. Thus among the eight asci which gave 3:1 ratios with respect to 
a single locus, there were three in which conversion was from the auxotroph to 
the prototroph and five in which conversion was in the opposite direction. 

One ascus (number 16) had a ratio of 5:3 of inost:inos. This type of ratio has 
been reported in Sordaria fimicola and is discussed at length by Oxtve (1959). 


SUMMARY 


10,269 asci were analyzed from four crosses involving closely related stocks 
which contained four markers on linkage group V of Neurospora crassa. 

Chiasma interference was uniformly positive in all regions of all four crosses. 

Chromatid interference was present in all four crosses. In one cross there was 
a statistically significant deficiency of 3-strand double exchanges. In the other 
three there was a statistically significant excess of 2-strand double exchanges from 
adjacent intervals but no evidence of chromatid interference from nonadjacent 
intervals. An attempt has been made to explain these results in terms of a two- 
phase model of exchange. 

Eighteen tetrads with irregular segregations and one tetrad with a new spon- 
taneous mutation are listed and discussed. 
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ee is the purpose of this paper to summarize present knowledge of the genetics 

of the Palomino horse as it has developed in the past 20 years, beginning with 
the studies of SaLissury and Brirron published in 1941; and also to present a 
resumé of changes in our knowledge of related genotypes resulting from increased 
knowledge of the Palomino itself. 

The color of the Palomino may be described as yellow of shades varying from 
cream to orange, but its distinctive feature is the very light color of mane and 
tail, which are almost white and are so designated in stud book descriptions. 

Its genetic constitution involves five major color genes, four of general occur- 
rence among mammals, and one peculiar to horses. 

The five genes with which we are here concerned happen to be designated by 
the first five letters of the alphabet, a dominant allele of each being labelled by 
the capital letter, A, B, C, D, or E. 

The color gene, C: We may begin a description of these genes with C, a gene 
which is necessary to the production of color in the coat of a mammal. 

In many mammals there occurs, besides the dominant allele C of the color 
gene, a recessive allele, c, which when homozygous (cc) results in true and com- 
plete albinism. In such an albino no melanin pigment is formed in any part of 
the coat, or even in the eyes, which are pink. 

A less extreme form of albinism occurs in many mammals, in which a mod- 
erate amount of pigment is found in the coat. This is due to a different allele of 
the color gene, which we may call an allele for incomplete albinism. 

Both sorts of albinism, complete and incomplete, are found in the rabbit. The 
snow-white Polish rabbit is a true albino with unpigmented coat and pink eyes. 
The Himalayan and chinchilla varieties are incomplete albinos, having alleles 
c" and c* respectively of the color gene. Linkage studies have shown that all four 
alleles, C, c, c and c™ lie at the same genetic locus. 

In horses there has been observed no well-authenticated case of albinism either 
complete or incomplete, so that in describing the genotypes of horses no mention 
need be made of the color gene since in all cases it is assumed to be present and 
fully active. 

It is true that Opriozoia (1951) considers the dilution of coat color which is 
found in the dun and the Palomino to be due to an incompletely recessive allele 
of the color factor. But this interpretation, though plausible, is inconclusive, since 
there is in horses no demonstrated allele of a color gene with which we might 
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make linkage tests of the dilution gene, whether we consider it an incompletely 
dominant or an incompletely recessive modifier of color. 

The black gene, B: Gene B acting in conjunction with gene C produces black 
pigment in mammals in general, including horses. It has a recessive allele, b, 
which when homozygous, (bb), replaces black pigment with brown. This re- 
placement is very clear in laboratory rodents as well as in dogs, where there are 
parallel series of black pigmented (B) and brown pigmented (bb) genotypes; 
such as black, black-and-tan, and black agouti, vs. brown, brown-and-tan, and 
brown agouti, the latter series being regularly recessive to the former. 

In horses, a similar relationship is found between dominant bay and black, vs. 
recessive chestnut, sorrel and liver, and it seems logical to adopt here the same 
genetic symbols, B for the black series, b for the brown series. 

The coat pattern gene, A: Gene A, acting in conjunction with genes B and C, 
produces a coat pattern which is found in mammals in general in the wild an- 
cestral stock and in the domestic derivative which most closely resembles the 
ancestral stock in coat pattern. 

In rodents this is the agouti coat pattern, in which black-tipped hairs having a 
subterminal band of yellow are distributed over the greater part of the body. 

In horses the ancestral coat pattern is bay, in which black is the predominant 
color in the peripheral parts of the coat (head, legs, mane and tail) but in the 
central body regions a mixture of yellow-red with black hairs or a complete re- 
placement of black with red is found. 

OpriozoLa (1951) recognizes in horses four alleles of gene A and these we 
shall adopt with slight modifications. They are At, A, a‘, and a. 

1. A+ is the allele found in the wild ancestral stock, exemplified in the surviv- 
ing Prejvalski horse of Mongolia. It has the coat pattern of the domestic bay 
together with markings commonly lacking in the bay, such as a dark spinal 
stripe, a dark vertical bar on the shoulders, and transverse zebra bars on the front 
legs. As a group these may be referred to as zebra markings. One or more of them 
is of frequent occurrence in certain domestic breeds, as well as in feral horses in 
Argentina. 

2. A is the allele which is responsible for the coat pattern of the domestic bay 
horse (AB), and its counterpart, the chestnut (Abb). Zebra markings are com- 
monly lacking in such horses. 

3. a‘ is the allele which is responsible for the coat pattern of the seal brown 
horse (a‘B). This genotype has zebra markings much oftener than does the bay. 

4. ais the allele which, when homozygous (aa), involves entire absence of the 
bay coat pattern and zebra markings. 

The genotype aaB is that of the recessive uniform black horse; aabb is the 
genotype of uniform chestnut or sorrel, and in the combination aabbE is known 
as liver chestnut. 

Gene E, extension of dark pigment: Gene E, acting in conjunction with genes 
B and C, governs the extension (or restriction) of dark pigment in the coat of 
mammals. It has three known alleles, EF, e, and E°. 

1. E governs the full extension of black, (or brown) pigment throughout the 
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coat, as among horses in the ancestral wild type, and in domestic bay, black, and 
chestnut varieties. 

2. e, the recessive allele of E, when homozygous (ee) causes restriction of dark 
pigment to peripheral parts of the coat leaving the central body region yellow- 
red in color. In horses this makes the difference between mealy bay (ABE) and 
red bay (ABee). 

3. E®, dominant extension, is a mutation of gene E first clearly demonstrated 
in the rabbit by PUNNETT, but since found to be of rather wide occurrence among 
mammals. It results in a marked increase in the production of dark pigment, so 
great that when homozygous (E”E”) it may completely hide the presence of an 
A coat pattern gene. In the heterozygote AE”E, or AE”e of the rabbit, the agouti 
pattern shows feebly and this phenotype is designated by PuUNNETT, agouti- 
black. 

In horses the E? allele occurs, either homozygous (E°E”) or heterozygous 
(E°E or E°e), in the dominant black genotype which, unlike recessive black, is 
born jet black and nonfading. 

A mating of a dominant black of genotype ABE°E with a recessive black of 
genotype aaBE may occasionally produce a bay colt from a gametic union ABE + 
aBE = AaBBEE, bay. 

Gene D for dilution: Gene D for dilution of color is peculiar to horses. Its ex- 
istence, though known to previous investigators, was first clearly stated in its 
relation to Palomino and dun genotypes by Satispury and Brirron (1941) who 
say, in their summary “Palomino color is produced by an incompletely dominant 
dilution gene superimposed over the basic chestnut or sorrel color [ bb genotypes ]. 
This same gene in combination with the basic colors, bay, brown, or black [B 
genotypes | produces a dilute which may bea dun, buckskin, or mouse.” 

SALIsBURY and Brirron did not suggest a genetic symbol for the hypothetical 
dilution gene, but in a working hypothesis CastLe (1916) used D and has con- 
tinued to do so, despite the apparent violation of priority rules in mammalian 
genetics, since d had long been used for recessive blue dilution in rodents. 

There is however an important point of difference between incompletely 
dominant D for dilution of color in horses and the completely recessive d for blue 


dilution in rodents. 


Further knowledge of Palomino and related genotypes 


1. The conclusions of SALIssuRY and Britton were fully verified in a breeding 
experiment conducted by Frank L. Kine of Lafayette, California (CasTLe 
1946). 

2. The further point, that the A allele is an indispensable component of Palo- 
mino and dun genotypes, was shown in a further report of Krne’s breeding ex- 
periments (CasTie and Kine 1951). 

3. A matter of uncertainty still exists as to why (a) Palominos have mane and 
tail lighter in color than the body, whereas (b) duns and buckskin have mane 


and tail darker than the body. 
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The only difference in genotype between the two groups is that one is bb and 
the other B. Mane and tail in one group are diluted brown and in the other 
diluted black. We must assume therefore that diluted brown is optically less 
conspicuous than the diluted yellow of the body, whereas diluted black is more 
conspicuous. 

4. In previous discussions of the genotypes of Palomino and buckskin, the 
alleles of gene A taken into consideration have been only A and a. The allele a‘, 
now a recognized constituent of the seal brown genotype, was unknown up to 
1951, when its existence was predicated by OpriozoLa, but was unrecognized 
elsewhere until 1960. 

The a’ allele, in the combination a'BE, results in the production of an all black 
horse resembling recessive black (aaBE) but differing from it in showing traces 
of the bay pattern in the form of light areas notably on muzzle and flank. It is 
called black-brown, seal brown or simply brown in stud book records. 

Its effect in an a'bbD genotype, as shown by data as yet unpublished, is to 
produce a phenotype known by such popular names as yellow dun, red dun, or 
claybank dun. 

Of course none of these is a true dun (genotype BD). They differ from a 
Palomino only in having an a’ allele instead of an A. Frequently they have zebra 
markings (spinal stripe or bars on legs or both) ; mane, tail and. legs are usually 
somewhat darker than the body indicating that diluted brown pigmentation 
concentrated peripherally is darker than in its more diffuse state mixed with 
yellow in the central body region. 

It remains to consider what effect the presence of D will have on a genotype 
which includes neither the A nor the a’ allele, but instead is aaD. Such a geno- 
type will be either black or chestnut in phenotype, depending on whether it has 
the B or the bb constituent. 

A diluted black (aaBD) is known as mouse, as stated by Satispury and Brit- 
TON and supported by an examination of Shetland Pony stud book records. 
Volumes 1 and 2, in which more than 20 individuals are registered as mouse 
(or moose) in color. Several of these were produced in matings in which one 
parent was dun or buckskin. 

Combinations of genes A, B, E, and D, see Table 1: The genotype which in- 
cludes dominant alleles of the four genes A, B, E, and D is known as dun. Its 
genotype is identical with that of the domestic bay except for the addition of D, 
whose diluting action lightens the entire coat. In the dun, mane, tail and legs 
are black, as in bays, though of less intensity. Body color is pale sooty yellow or 
straw color. 

(1) Replacement in the dun genotype of B with bd results in the production 
of a Palomino (AbbED), which has “white” rather than black mane and tail. 

(2) Replacement of E with ee results in the production of a buckskin, which 
differs from true dun only in having a clear yellow body color, rather than a 


dingy yellow. 
(3) Replacement of A with a‘ results in the production of a seal brown. 
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Color classes resulting from different combinations of genes A, B, and E, with or without gene D 








Combinations of A, B, and E Combinations of A, B, E, and D 
Genotype Phenotype Genotype Phenotype 
A*BE Ancestral type, bay with 
zebra markings 
ABE Dark or mealy bay ABED Dun, body light sooty yellow, 
mane and tail black, dorsal 
stripe 
ABee Red bay ABeeD Buckskin, body clear light 
yellow; otherwise like dun 
a'BE Seal brown, light areas a'‘BED Light seal brown 
inconspicuous 
a' Bee Seal brown, light areas a'BeeD Light seal brown 
inconspicuous 
aaBE Recessive black, uniform aaBED Mouse, uniform dilute black 
aaBee Recessive black, mane and aaBeeD Mouse, “Grullo,” mane and 
tail darker than body tail darker than body 
AbbE Chestnut AbbED Palomino, mane and tail 
white, body sooty yellow-red 
Abbee Sorrel, light mane and AbbeeD Palomino, body clear cream 
tail to golden yellow, mane and 
tail white 
a'bbE Chestnut “brown” a'bbED Claybank 
atbbee Sorrel “brown” “hbesDt 
aabbE Chestnut uniform, “liver” aabbED Light chestnut uniform 
aabbee Sorrel uniform aabbeeD Light sorrel uniform 
ABEP Dominant black, intense ABEPD Dominant black 
and uniform, “jet” black 
ABEDD Perlino= 
ABeeDD Albino type B, Caste (1948) 


AbbEDD) _Cremello= 
AbbeeDD { Albino type A, Caste (1948) 





(4) Replacement of A with aa results in uniform recessive black, mouse. 

(5) Doubling of the D constituent in a dun or buckskin converts it into a per- 
lino, a name unknown to CastLe when in 1948 he designated it albino type B. 

(6) Similar doubling of the D constituent in the genotype of a Palomino con- 
verts it into a cremello, equivalent of type A albino of CastLe (1948). 

What change, if any, would be made in the phenotype of perlino or cremello 
by substitution of a‘ for A in its genotype, is at present uncertain. 

Gene S in Shetland ponies: In Shetland ponies a new diluting gene, S for silver, 
made its appearance by mutation about 1886 in the mare Trot., 31 described as 
fawn color with white mane and tail. 

This gene is stronger in its diluting action than gene D. Instead of being in- 
completely dominant, as gene D is, it is almost completely dominant, the homo- 
zygote, SS, being only slightly more dilute than the heterozygote Ss. 

In single dose S dilutes black (BE) into a color resembling true chestnut (bbE). 
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Thus the genotype ABES is a silver dappled chestnut with white mane and tail; 
and in double dose, in the homozygote, ABESS, the color is still the same, only 
of a lighter shade. 

But ABeeS is sorrel with white mane and tail, lacking dapples; and adding a 
second S to the genotype making it ABeeSS changes it only slightly to a lighter 
shade of the same color. 

An example of a homozygous (SS) genotype is found in the light silver dap- 
pled stallion Magic B, 20,568. In matings with black mares he sired 12 colts, all 
silver dapples; and in matings with dappled mares, he sired 20 colts, all dappled. 
This is strong evidence that he was SS and so transmitted S to each of his colts. 

Gene D occurred in the foundation stock of Shetland ponies imported into the 
U.S. and Canada and still occurs among their present day descendants resulting 
in true Palominos and an occasional Cremello. The new mutant gene S has cre- 
ated a phenotype, sorrel with white mane and tail, which closely resembles a 
true Palomino, and it is possible that many ponies of this genotype are now 
registered as Palominos (Table 2). 

Feral horses in South America: The domesticated horse was introduced on the 
western hemisphere by the Spaniards in the early part of the 16th century. 
Mounted horsemen were a source of terror to the natives of Mexico and Peru and 
so were helpful to the invaders. 

In the course of time some horses escaped from their masters and running 
loose on the pampas of Argentina produced numerous feral offspring of a variety 
of colors, some of them already well known, others being novel recombinations 
of color genes. 

The keen-eyed cowboys of Argentina designated these by names which have 
passed into other languages than Spanish, including our own. The genetic consti- 
tution of the color varieties which were discriminated by the gauchos was of 
course unknown to them and is only becoming clear to us through comparative 
study of coat color in other mammals. 

It was our privilege recently to inspect color photos, kindly loaned to us by 
Proressor Dewey G. STEELE of the University of Kentucky, of a criollo band of 
horses in Venezuela, produced by selective breeding from a strain of feral horses. 

The band consisted mostly of dun horses of varying shades, with an occasional 


TABLE 2 


Parallel series of genotypes involving genes D and S in Shetland ponies 








Genotype Phenotype Genotype Phenotype 
ABED dun, yellow body color, ABES Silver dapple chestnut body 
mane and tail black color, mane and tail, white 
ABEDD Perlino ABESS Light silver dapple 
AbbeeD Palomino ABeeS Sorrel, white mane and tail 


AbbeeDD Cremello ABeeSS Light sorrel, white mane and 
tail 
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bay, and at least one dun of so light a color that we should unhesitatingly classify 
it as a Perlino. 

If the band was produced by mating dun to dun, we should expect it to consist 
of three genotypes, bay, dun, and perlino, in an approximate ratio of 1:2:1, and 
that seems to be the reality. Such a population is the counterpart of that produced 
by mating Palomino to Palomino, resulting in genotypes, chestnut, Palomino 
and Cremello in a 1:2: 1 ratio. 

Rules for producing Palomino colts: Rules for the production of Palomino colts, 
based on theory and verified in the experience of breeders are as follows. 

1. Matings of Palomino with Palomino may be expected to produce colts in 
the ratio, 1 chestnut or sorrel: 2 Palomino: 1 cremello. 

2. Matings of cremello with Palomino may be expected to produce colts in the 
ratio, 1 cremello: 1 Palomino. 

3. Matings of cremello with chestnut or sorrel may be expected to produce only 


Palomino colts. 


SUMMARY 


1. In the production of the coat color of the Palomino horse, five major color 
genes are concerned. The dominant alleles of these genes may be labelled with 
the capital letters A, B, C, D, and E. 

2. All of these, except D, are found in mammals in general. D is peculiar to 
horses. 

3. Albinism, complete or incomplete, arising through a recessive mutation of 
the color gene C, though common in many other mammals, is unknown in horses. 

4. Combinations of the three genes A, B, and E result in color varieties bay, 
brown, black, chestnut, and sorrel. The same genes, when combined with D in 
single dose result in color varieties of dun and Palomino; and when combined 
with D in a double dose (DD) result in pseudoalbino varieties designated perlino 
and cremello respectively. 

5. The recent demonstration of the existence of a fourth allele of gene A 
(namely a‘), has for the first time made clear the genotypes of seal brown and 
claybank horses. 

6. In Shetland ponies a second diluting gene, S for silver, arose by mutat*on 
about 1886. Its diluting action is similar to that of D but stronger, converting 
black into a color resembling true chestnut. Unlike D which is incompletely 
dominant, it is almost completely dominant. Genotypes Ss and SS differ little in 
their diluting action, the latter being only a trifle more powerful than the former. 

7. The genotype ABeeS in Shetland ponies, the phenotype of which is sorrel 
with white mane and tail, resembles rather closely the true Palomino, and may 
at times be registered under the name of Palomino. 

8. It remains an open question for further study, whether D and S are alleles 
of a common genetic locus or are independent diluting genes. 
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T= extensive phenotypic variation among individuals exhibiting position- 

effect variegation has long hampered investigations of the mechanism of 
position effect. The variegated phenotype itself is associated with loci near the 
breakage points of chromosomal rearrangements. The genes subject to position 
effect are not mutant in the strict sense, at least in the germ line, since they can 
be recovered with full activity by any recombination which restores them to a 
structurally normal chromosome region (Jupp 1955; Dusrnin and Srporov 
1935). Most rearrangements which cause variegation include breaks in both 
heterochromatic and euchromatic regions of chromosomes, although some position 
effects have been demonstrated for rearrangements involving only breaks in 
heterochromatin (BAKER 1953). 

Among the factors which have been identified as affecting position-effect varie- 
gation, and which thus contribute to individual variation in phenotype, are tem- 
perature, other heterochromatin-euchromatin rearrangements, modifying genes, 
amount of heterochromatin, especially in the form of Y chromosomes (for detailed 
references, see Lewis 1950) and in particular, various more restricted regions 
within the Y heterochromatin (BAKER and Sporrorp 1959). In addition to these 
foregoing factors, which operate on the individual whose phenotype is examined, 
there are several factors whose action is initiated in the generation prior to the 
individual whose phenotype is affected. These factors give rise to “parental 
effects.” Those already established, for certain genotypes incorporating a specific 
rearrangement of the white (w) locus of Drosophila melanogaster, are: homo- 
zygosity rather than heterozygosity of the mother for the rearrangement (SPor- 
FORD 1958; HessLer 1961), the mother’s Y chromosomal constitution (SpoFFORD 
1959), and the sex of parent contributing the rearrangement to the offspring. This 
last has been shown only in crosses employing attached-X mothers (SporFroRD 
1959; Hesster 1961). Inasmuch as it was the only parental effect not easily 
explicable by the accumulation of maternal gene products in the odplasm during 
maturation of the egg, it seemed desirable to discover whether the crucial aspect 
of the reciprocal crosses in influencing phenotype of the offspring was the X 
chromosomal constitution of one or both parents or simply the fact of transmission 
via egg or via sperm. 

Hence, the present set of experiments was undertaken to discover what inter- 
action there might be between the parental-source effect and X chromosomal 


1 Work performed under contract No. AT (11-1)-431 for the Atomic Energy Commission. 
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constitution of parents and offspring. Both these experiments and concurrent 
experiments reported by HEssLer (1961) revealed differences in the behavior of 
the position effect between two of the stocks. With the first stock used, the varie- 
gation was more extreme when the rearrangement was transmitted to an indi- 
vidual through the egg rather than through the sperm. On the other hand, the 
rearrangement from the other stock gave more extreme variegation when it was 
transmitted through the sperm than through the egg. Both of these distinct paren- 
tal-source effects are demonstrated in the present experiments in strictly com- 
parable genotypes and regardless of the parents’ X chromosomal constitution. 


MATERIALS AND METHODS 


The gene whose phenotypic variegation was studied was the w+ allele included 
in a 20-band section, 3B3-4 to 3D5-6, from the X chromosome, inserted in inverted 
sequence into the proximal heterochromatin of the left arm of the third chromo- 
some. The resulting deficient X chromosome has been described as N***? 
(Sutton 1940; Demerec 1940). The duplication in the third chromosome, 
Dp (w”) 264-58a, was carried in genomes with complete X chromosomes, usually 
with the recessive allele white (w) in a structurally normal euchromatin. 

Three X chromosomes have been employed: a normal X with the recessive 
markers yellow (vy) and white, an attached-X (reversed metacentric) chromo- 
some homozygous for y and w, and a compound XY chromosome, Y8w y-Y'y*. 
Four stocks were rendered as coisogenic as possible by the Muller-5; Cy; Ubx'*’/ 
Xa technique (BAKER and SporForp 1959): 

Stock 1, y w; +/+, has structurally normal free X chromosomes and wild-type 
third chromosomes. After its initial derivation as an isogenic stock, it has been 
maintained in mass culture. 

Stock 2, y w; Dp(w™), has one or both third chromosomes carrying the dupli- 
cation. To prevent the accumulation of modifiers systematically differentiating 
this stock from 1, it has been kept by pairing a variegated female with a male 
from stock 1 and, in the next generation, mass mating their variegated offspring. 
The females whose eyes are most heavily pigmented are then selected from the 
progeny of the mass mating for pairing again in repetition of the cycle. The stock 
was continued when possible from the single females all of whose progeny had 
eye pigment and who were therefore homozygous for the duplication third 
chromosome. As will be indicated later, free X flies heterozygous for the dupli- 
cation often develop no pigment in their eyes. On the other hand, females homo- 
zygous for the duplication (comparable males are at least sterile and are probably 
inviable) and their heterozygous offspring almost invariably have some eye 
pigment (Sporrorp 1958). After the initial coisogenization, two distinct Dp(w™) 
free X lines were maintained. After the eighth crossing back to stock 1 one of 
these lines lost its ability to produce fertile females homozygous for the dupli- 
cation, while at the time of writing, the other line still produces homozygous 
fertile females. 

In stock 3, Y8Sw y-Y"y+/Y/y w; +/+, males have the compound XY in addition 
to the normal free Y and females have the attached-X plus a Y, whereas both 
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sexes carry the wild-type third chromosome. The relative coisogenicity of this 
stock has been maintained originally by frequent and now by routine crossing 
of yw/Y; +/+ stock 1 males with y w/Y; +/+ stock 3 females, followed by 
crosses of their y w/Y; +/+ daughters to stock 3 Y8w vy Y°yt+/Y; +/+ males. 
Stock 4, Y8w y-Y"y+/Y/y w; Dp(w”™), has one or both third chromosomes 
carrying the duplication. After derivation as a stock coisogenic with the others, 
it was maintained in mass culture without further intercrossing for a period of 
two years. The systematic differences in the behavior of the duplication carried 
in stocks 2 and 4 arose during this interval. (In all of the crosses employed, 50 
percent of the offspring were expected to be heterozygous for the duplication. 
The white-eyed offspring in progenies with low percentages of pigmentation 
reported here were not tested further for presence or absence of the duplication. 
However, many previous tests of offspring exhibiting similar ratios have failed to 
disclose a significant deviation from a 1:1 genotypic ratio.) The duplication in the 
free X stock 2 will be designated Dp‘ and that in the attached-X stock 4 Dp* 
(Hesster 1961). The Dp‘ line employed here is the one with only eight passages 
through homozygous females; the experimental crosses were initiated, however, 
with the immediate offspring of the last homozygous Dp‘ mother in the line. 
Flies were reared at 23+1°C on a culture medium similar to that described by 
CarRPENTER (1950). Pair matings were made in vials containing aliquots of the 
same batch of medium and subsequently transferred to fresh vials of another 
single batch of medium; these produced the flies which were compared directly. 
All offspring were scored as to sex and presence or absence of any pigmentation. 
The amount of pigment when present was estimated for each eye. When there 
were many pigmented offspring in a sibship, the amount of pigment was esti- 
mated for a random sample of limited size. Scores on such estimates range from 
0 for an eye with no trace of brown or red pigment to 1.0 for an eye apparently 
wild type in pigmentation. The values for the two eyes of a fly were summed to 
provide the “grade” for the fly. When pigment was present, it was a mixture of 
brown, or ommochrome, sepia, and red, or drosopterin, in varying proportions. 
There is considerable subjective error possible in the scoring of eyes; however, 
the total numbers scored per category tended to reduce the error of the mean 
grade for each category and those categories compared directly were scored in the 
same time interval. A fair linear correlation has been established between this 
estimated grade and the amount of drosopterin measured photofluorometrically 
after chromatography (Baker and Sporrorp 1959). The relationship between 
grade and ommochrome, or between ommochrome and drosopterin, has yet to be 


established. 





EXPERIMENTAL RESULTS 


Parental-source effect in crosses between and within free X 


and compound X stocks 


In designing crosses to test the possibility that the X chromosomal constitution 
of either or both parents was relevant to the parental-source effect on variegation, 
it was not anticipated that a significant difference had arisen between the two 
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Dp-bearing stocks 2 and 4. Consequently, not all the crosses were made which 
would completely distinguish between Dp‘ and Dp*. Furthermore, in view of the 
distinctness of Dp‘ and Dp*, some crosses were missing which would have been 
desirable to establish completely that the X chromosomal constitution of either 
parent or offspring is irrelevant to the parental-source effect. However, the crosses 
performed permitted enough comparisons to support an interpretation which was 
eventually substantiated by the series of crosses reported in the next section. 

Five replicate pair matings of three-day-old flies were made and transferred 
four times, according to the following scheme: 


(1,2)—-stock 1 yw/yw; +/+ 2 xX stock 2 yw/Y; Dp‘/+ 3 
(2,1)—-stock 2 yw/yw; Dp'/+ 2 X stock 1 yw/Y; +/+ ¢ 


(3,4)—-stock 3 yw/Y; +/+ ? xX stock 4 Y8w y-Y'"y+/Y; Dp*/+ 4 
(4,3)—stock 4 yw/Y; Dp*/+ @ X stock 3 YSwyY'yt/Y; +/+ 2 


(3,2)—-stock 3 yw/Y; +/+ ? xX stock 2 yw/Y; Dp‘/+ ¢ 
(4,1)—stock 4 yw/Y; Dp*/+ 2 X stock 1 yw/Y; +/+ 6 


(1,4)—-stock 1 yw/yw; +/+ 2 X stock 4 YSwyY"y+/Y; Dp*/+ ¢ 
(2,3)—-stock 2 yw/yw; Dp'/+ 2 X stock 3 Y8wyY'y+/Y¥; +/+ 6 


It will be noted that the crosses group into pairs reciprocal for the Dp-bearing 
chromosome, if the distinction between Dp* and Dp' is ignored. Both early and 
late-eclosing offspring from this first round of crosses were mated individually to 
flies from stocks 1 and 3 as corroboration of first-generation results and to exclude 
the existence of other factors, not noted in the above genotypic descriptions of the 
crosses, which might differentiate the stocks and modify this variegation system. 

The results of the primary interstock crosses are summarized in Table 1. In 
the genotypic description of the offspring, Dp/+ symbolizes maternal trans- 
mission of the duplication; +/Dp, paternal. 

_ The first pair of crosses was essentially a repetition of a pilot experiment three 
months earlier, in which the cross of +/+ ? X Dp'/+ ¢ yielded three pigmented 
sons out of 948 (0.32%) and three pigmented daughters out of 1008 (0.30%), in 
contrast to the cross Dp'/+ ? X +/+ 6, which yielded 55 pigmented sons out of 
2915 (1.89%) and 18 pigmented daughters out of 3244 (0.55%). No statistical 
heterogeneity had been demonstrable between replicate sibships in that experi- 
ment, so that at least the difference in frequency of pigmentation in sons between 
the reciprocal crosses was statistically significant (P<.001). The same kind of 
difference between reciprocal crosses—more pigmentation when the duplication 
was inherited from the mother—persisted in crosses (1,2) and (2,1). For sons, 
the x? of the difference is 15.4, P = .0001, although, as before, for daughters the 
significance of the difference is debatable. 

The second pair of crosses was essentially a repetition of those published earlier, 
with which the present results are in agreement: either percent pigmented or 
amount of pigment was higher when the duplication was inherited from the 
father. However, the significance of the discrepant results of the last two pairs 
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of crosses was not appreciated in time to reschedule the second generation crosses 
appropriately. In particular, although a single genotype of father, y w/Y; Dp‘'/+, 
had y w/Y; +/Dp sons more often pigmented when the mother had attached-X’s 
(cross 3,2) than when she had free X’s (cross 1,2), the y w/Y; Dp/+ sons of 
attached-X mothers in cross (4,1) were very much less frequently pigmented 
than those of free X mothers in cross (2,1). Furthermore, the y w/Y; +/Dp sons 
of cross (1,4) were completely white-eyed, although in the companion cross (2,3) 
the proportion of pigmented y w/Y; Dp/+ sons did not differ significantly from 
that in cross (2,1). 

Of the various conceivable hypotheses which could be invoked to resolve these 
apparently conflicting results, the single feasible one finally suggested by the data 
from the testcrosses and by independent concurrent work by Dr. ANrra HEssLER 
has already been published: namely, that the duplications in stocks 2 and 4 had 
differentiated systematically to the extent that more pigment in general is pro- 
duced in the presence of Dp‘ than of Dp*, while Dp‘ is most effective in pigment 
production when transmitted via the egg; Dp*, via the sperm. 

The progeny of the testcrosses are recorded in Tables 2, 3, 4 and 5. Although 
all types of crosses were made twice employing early-eclosing flies as parents for 
the one and late-eclosing flies as parents for the other group, statistical tests in no 
case indicated significant heterogeneity between these two groups so that the data 
have been pooled in the tables. 

y w/Y sons (Table 2): Sons with structurally normal sex chromosomes were 
produced by a greater variety of crosses than any other class of offspring. These 
consequently provide the greatest number of comparisons of the phenotypic 
effects of diverse parental constitutions. The results were relatively unambiguous 
since in only one instance was heterogeneity demonstrable among the replicate 
sibships of a single type of cross. The phenotypes of these sons depended on the 
two conditions already noted, viz. the type of duplication and its parental source, 
and on a third condition: whether the mother had had free or attached-X chromo- 
somes. Types of crosses which differed in other respects but not in these produced 
statistically indistinguishable y w/Y sons. Thus, (1) the father’s X chromosome, 
whether normal or compound with the Y, had no effect on the phenotype of his 
sons by y w/y w; Dp'/+ mothers. Also, (2) there was no “grandparental” source 
effect—+/Dp' sons of either X chromosomal class of mother are not separable 
statistically by whether their fathers had been +/Dp' or Dp‘/+, nor are the 
Dp'‘/+ sons of y w/y w mothers separable statistically by whether their mothers 
had been +/Dp' or Dp'/+. Furthermore, (3) whether the Y chromosome came 
directly from stock 1 or stock 3 had no effect on the phenotype of Dp‘/+ sons of 
y w/y w mothers and probably had no effect on the phenotype of +/Dp' sons of 
y w/y w mothers. Lastly, (4) the results of the first generation crosses yielding 
y w/Y sons agree so well with the results of the comparable testcrosses that it 
seems highly probable that the y w-bearing normal X chromosome introduced 
from stock 2 or from stock 1 is not influenced by prior association with Dp‘ in a 


parental or grandparental genome. 
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y w/Y sons produced by test crosses of mottled progeny of reciprocal crosses with stocks carrying 
Dp-bearing and normal third chromosomes, free and compound X chromosomes 





Cross 





producing 
Pinel No. Maternal Paternal Dp in Percent No. Average 
Dp tested genotype genotype sons No. w™ graded grade 

(1.2) 6 yw/yw;+/+ yw/Y¥;+/Dp' +/Dp' 200 0 = : 
(2,1) 12 yw/yw; +/+ yw/Y;Dp'/+ +/Dp! 306 2.9 9 .019+.008 
(3,2) 2 yw/yw;+/+ yw/Y;+/Dp' +/Dp! 147 1.4 2 006+ .. 
(1,2) 6 yw/¥;+/+ yw/Y;+/Dp! +/Dp' 101 12.9 10 .023+.009 
(21) 5 yw/¥;+/+ yw/Y;Dpt/+ +/Dp* 139 11.5 15 .007+.002 
(32) 9 yanf/%;-+-/4- yw/Y;+/Dp! +/Dp' 197 96 17 .017+.005 
(23) 12 yw/¥; +/+ yw/Y;Dp'/+ +/Dp' 261 11.1 27 .030+.008 
(1,2 4 yw/yw;+/Dp! yw/Y;+/+ Dp'/+ 331 5.7 19 .012+.003 
(2 6 yw/yw;Dp'/+ yw/Y¥;+/+ Dp!/+ 425 68 29 .012+.002 
(3,2) 5 yw/Y;+/Dp! y w/Y; +/+ Dp'/+ 242 388 84 .053+.009 
(1.2) 8 yw/yw;+/Dpt XYw/Y;+/+ Dpt/+ 465 8.6** 40 .034+.008 
(2,1) 5 yw/yw;Dpt/+ XYw/Y;+/+ Dpf/+ 401 55 22 .015+.006 
(4,1) 2 yw/yw;+/+ y w/Y;Dp*/+ -+/Dp* 106 0.9 1 .010+ 
(4,1) 4 yw/¥;+/+ yw/Y¥;Dp*/+ +/Dp* 67 15 1 002+ 
(1,4) d. ¥w/t;-+/+ yw/Y;+/Dp* -+/Dp* 114 0.9 1 .010+ 
(4,1) 4 yw/¥;Dp*/+ yw/¥;+/+ Dp/+ 137 07 1 .010+ 





The average values of the two indices of variegation in y w/Y sons for the net 


seven effectively different kinds of crosses are: 
Dp'/+ from yw/Y mothers: 38.8% pigmented, average grade .053+.004 


+/Dp‘ from y w/Y mothers 


Dp‘/+ from y w/yw mothers: 
+/Dp! from y w/y w mothers: 
Dp*/+ from yw/Y mothers: 
+/Dp* from y w/Y mothers: 
+/Dp* from y w/y w mothers: 


: 11.0% pigmented, average grade 
6.8% pigmented, average grade 
1.7% pigmented, average grade 


0.9% pigmented, average grade 


0.7% pigmented, average grade . 
1.1% pigmented, average grade . 


.021+.004 
.020+.003 
.017+.007 


.010= ...... 


The last three categories include small numbers of offspring; they are in line with 


expectation, however. 


Y‘w y-Y"y+/Y sons (Table 3): Again no “grandparental effect” introduced 
heterogeneity into the only three categories of these sons obtained. It was ob- 
viously impossible to test the effects of maternal sex chromosome constitution. 
Dp'/+, from one cross only, was fully penetrant and had the highest average 
grade, 1.872+.018. No mating yielded +/Dp‘ sons, which would be expected to 
rank next in pigmentation. In crosses giving +/Dp* sons, 55.4 percent of the sons 
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TABLE 3 


Y8w y-Y“y*/Y [XYw/Y/] sons produced by test crosses of mottled progeny of reciprocal crosses 
with stocks carrying Dp-bearing and normal third chromosomes, free and 
compound X chromosomes 





Cross 


producing 

parent 

carrying No. Maternal Paternal Dp in Percent No. Average 
Dp tested genotype genotype sons No. w™ graded grade 





‘™~ 


(3,2) 7 yw/¥;+/Dpt XYw/Y;+/+ Dpt/+ 285 54.0 154 1.872+.018 


(3,4) 15  yw/¥;+/+ XYw/Y;+/Dp* +/Dp* 235 55.3 130 .822+.045 
(4,3) 7 yw/¥;+/+ XYw/Y;Dp*/+ +/Dp* 142 55.6 78 .726+.157** 


(3,4) 18 yw/¥;+/Dp»  X¥w/Y;+/+ Dp*/+ 654 46.8**291 .461+.160"* 
(4,3) 16 yw/Y¥;Dp*/+ X¥w/¥;+/+ Dp*/+ 605 446 267 511+.155** 
(4,1) 9 yw/¥;Dp*/+ X¥w/Y;+/+ Dp*/+ 460 50.0 294 .578+.089** 





were pigmented with an average grade of .786+.098. In crosses giving Dp*/+ 
sons, less than half of the total, or 46.9 percent, were pigmented with an average 
grade of .512+.112, the lowest. The differences between these average grades are 
all highly significant. 

y w/y w daughters (Table 4): Data taken on this genotype were merely 
corroborative of the foregoing interpretation because of the rarity of pigmentation 
regardless of mating plan. No differences appeared among the crosses yielding 
+/Dp! females in which four (0.6%) of the 711 daughters were pigmented, with 
an average grade of .018. Nor did any appear among the crosses yielding Dp'/+ 
females, in which 20 (2.4%) of the 822 daughters were pigmented with an aver- 
age grade of .014. The difference in frequency of pigmentation between those 
with a maternally derived Dp' and those with a paternally derived Dp‘ was, 
however, significant at the one percent level, with a x* value of 7.48. In fact, 


TABLE 4 


y w/y w daughters produced by test crosses of mottled progeny of reciprocal crosses with stocks 
carrying Dp-bearing and normal third chromosomes, free and compound X chromosomes 





Cross 
producing 
parent 
carrying No. Maternal Paternal Dp in Percent No. Average 

Dp tested genotype genotype daughters No. w™ graded grade 


(12) 6 yw/yw;+/+ yw/¥;+/Dpt +/Dp' 169 06 1 010+ 
(2.1) 12 yw/yw; +/+ yw/Y;Dp'/+ +/Dp' 361 0.8 $ Sts 
(3,2) 2 yw/yw; +/+ yw/Y;+/Dp! -+/Dp! 150 0.7 1 .030+ 





(1,2) 4 yw/yw;+/Dp! yw/¥;+/+ Dp'/+ 312 2.6 9 .020+.006 
(2,1) 6 yw/yw;Dp'/+ yw/¥;+/+ Dp!/+ 510 24 12 .010+.003 


(4,1) 2 yw/yw;+/+ y w/Y;Dp*/+ -+/Dp* 138 1.4 2, OB ... 
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pooling these with the comparable females of the preceding generation, the chance 
of a random difference between Dp'/+ and +/Dp'‘ became less than one per 2000, 
with a x? in excess of 12. 

y w/Y daughters (Table 5): The four major categories could again be distin- 
guished. Minor yet significant differences existed within several of the categories 
which were not, however, attributable to such conceivable factors as father’s sex 
chromosome constitution and probably not to a “grandparental effect”. Two cate- 
gories of Dp‘/+ daughters, identical except for the father’s genotype—free X from 
stock (1) or compound XY from stock (3)—were indistinguishable as to daughter 
phenotype; likewise, two categories of Dp*/+ daughters differed as to father’s X 
chromosome but not as to phenotype. As to a residual “grandparental effect”, the 
four categories of +-/Dp‘ daughters indeed show significantly more pigment when 
the duplication is inherited from the paternal grandfather than from the paternal 
grandmother; however, any such grandparental effect is restricted (a) to y w/Y 
daughters, since their y w/Y brothers did not exhibit a similar effect, and (b) to 
Dp’ since the picture with +/Dp* daughters is not consistent and there is no indi- 
cation of such an effect with Dp*/+ daughters. 

In spite of this heterogeneity within the categories, the differences between 
them are striking and statistically significant. Dp'/+ daughters were always pig- 
mented, with an average grade of 1.400+.143. Pigmented flies constituted 61.6 


TABLE 5 


y w/Y daughters produced by test crosses of mottled progeny of reciprocal crosses with stocks 
carrying Dp-bearing and normal third chromosomes, free and compound X chromosomes 














Cross 

producing 

core No. Maternal Paternal Dp in Percent No. Average 

Dp tested genotype genotype daughters No. w™ graded grade 

(1,2) 6 yw/¥;+/+ yw/Y;+/Dpt -+/Dpt 83 47.0 38 .679+.078 
(2,1) 5 yr w/t; +/+ yw/Y;Dp'/+ +/Dpt 108 63.0 68 .490+.119** 
(3,2). 9 yw/¥;+/+ yw/X¥;+/Dp' +/Dp* 186 69.9 123 .677+.071** 
(2,3) 12 yw/¥;+/+ yw/Y;Dpt/+ +/Dpt 194 59.3 97 .399+.033 
(3,2) 5 yw/Y;+/Dp‘t y w/Y; +/+ Dpt/+ 203 542 100 1.293+.057 
(3,2) 7 yw/¥;+/Dpt XYw/¥;+/+ Dp'/+ 318 582 178 1.460+.199° 
(4,1) 4 yw/¥;+/+ y w/Y; Dp*/+ +/Dp* 81 48.2 39 .223+.039* 
(1,4) 7 yw/¥;+/+ yw/¥;+/Dp* +/Dp® 107 65.4 70 .172+.021 
(3,4) 15 yw/¥;+/+ XYw/Y;+/Dp* +/Dp* 221 48.0 102 .242+.032 
(43) 7 yw/¥;+/+ Yw/Y;Dp*/+ +/Dp* 108 53.7 55 .121+.016 


(4,1) 4 yw/Y¥;Dp*/+ y w/YX¥; +/+ Dp*/+ 144 354 51 .171+.062* 


(3,4) 18 yw/Y;-+/Dp* XYw/Y; +/+ Dp*/+ 569 35.3**199 .129+.056* 
(4,3) 16 yw/Y;Dp*/+ XYw/Y; +/+ Dp*/+ 603 27.4 164 .157+.069** 


(41) 9 yw/Y;Dp*/+ XY¥w/Y¥;+/+ Dp*/+ 432 380 164 .184+.063** 
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percent of the females, on the average, in the heterogeneous crosses yielding 
+/Dp‘ daughters, with an average grade of .556. Pigmentation was also fully 
penetrant in +/Dp* daughters, with an average grade of .196+.015. In crosses 
producing Dp*/+ daughters, only 33.2 percent of the females had any pigment, 
with an average grade of .156+.030. 

In summary, every class of testcross offspring supports one or more of the 
following generalizations: (1) The duplication-bearing third chromosome of the 
free X stock (Dp‘) leads to a far greater degree of eye pigment production than 
that of the compound X stock (Dp*). (2) Both Dp‘ and Dp? exhibit parental- 
source effects, but of opposite direction. Whereas Dp*, as earlier shown, is more 
effective in pigment production in a heterozygous fly when inherited from a 
heterozygous father than when inherited from a heterozygous mother, Dp' is the 
more effective when inherited from the mother. (3) The X chromosomal consti- 
tution of the father is immaterial to the expression of w” in a fly whose X chromo- 
some(s) come(s) from the mother only. (4) The parental-source effect endures 
for only one generation; there is probably no “‘grandparental effect’’. And lastly, 
(5) the free X sons of attached-X mothers develop pigment more often and in 
greater amount than do the free X sons of free X mothers. This may well be com- 
pletely attributable to the residual maternal effect of the attached-X mother’s Y 
chromosome, although no direct evidence is provided here to exclude other hypoth- 
eses, such as parental-source effect on w™ modifiers which quite possibly exist in 
the free X chromosome, or a residual maternal effect of w”™ modifiers which might 
well differentiate the free and attached-X chromosomes—there may, for instance, 
be more heterochromatin in the attached-X than in the two free X chromosomes. 
However, the first of these seems the most likely. 


Confirmation of Dp! versus Dp* distinction in compound X genotypes 


If the foregoing distinction between the two forms of duplication-bearing 
chromosomes is assignable to the duplicated region itself or to the adjacent hetero- 
chromatic region of the third chromosome, the differentiating properties of Dp‘ 
and Dp* should persist after passage through many generations in a common 
genotypic background. The compound X rather than the free X background was 
chosen, largely because of anticipated difficulties in maintaining a y w/y w; Dp* 
stock in the face of the exceedingly low penetrance of Dp* in such genotypes. 
Consequently, a compound X stock was begun from the Y8w y-Y"y+/Y; Dp'/+ 
and y w/Y; Dp‘/+ flies which had been produced from the just-described test- 
crosses. In the seven months of its maintenance as a mass-cultured stock (hereafter 
referred to as Dp‘—1) no signs of homozygosity for the Dp chromosome were 
observed in either males or females, paralleling the experience with the parent 
line of the free X duplication stock. 

At the end of the seven month period, eight w” males taken from each of the 
three stocks—Dp‘-1, stock 2 with Dp‘, and stock 4 with Dp*—and 15 stock 3 +/+ 
males were each paired individually with stock 3 y w/Y; +/+ females. Virgin 
w”™ daughters of Dp fathers (and virgin daughters of +/+ fathers) were paired 
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individually with the sons of the +/+ fathers, and transferred twice to vials con- 
taining fresh medium. These latter matings served as the source of the parents 
for the experimental crosses. Thus the different duplication-bearing parents 
should differ minimally in respect to their compound X, Y, second and fourth 
chromosomes. Any euchromatic loci on the third chromosome which might be 
important modifiers of the variegation and which might have differentiated the 
Dp‘ from Dp* chromosomes were thus given an opportunity to recombine and pro- 
duce a discernible heterogeneity among individual experimental matings of 
ostensibly a single type. 

The experimental pair matings, between four-to-five-day-old flies, were made 
on two occasions, the first using offspring collected from the first transfer, the 
other, from the second transfer, of the source matings just described. The number 
of pairs in each type of test cross made on the two occasions are indicated in 
parentheses: 

(10+ 12) Dp'-1/+ @x+/+ é 

(10+ 6) Dp'/+2 x+/4+4 

(205-12) +/+ 2 xX Dp‘-1/+ ¢ 

(10+ 8) +/+ 2 x Dp'/+ 4 

(20 + 22) white-eyed (Dp*/+ or +/+) 2? x+/+ 2 

(ae+ £3) +/+ © x Dp*/+ ¢ 
At the time the second group was mated, the first group of matings was trans- 
ferred to fresh vials of the same batch used for the second group of matings. 
Parents were discarded a week later. 

Flies eclosing from both original and transfer vials of the first group were 
counted; since x* tests indicated no significant difference between transfers in 
ratios of mottled to white offspring, the counts for both vials representing a pair 
of parents were combined. However, the amount of pigment per eye was esti- 
mated only for those offspring eclosing from the one batch of vials used for both 
groups of matings, to minimize environmental differences. Neither x? tests of 
ratios nor analyses of variance of phenotypic grades indicated differences between 
experimental pair matings attributable to date of mating. Hence, the results for 
the two groups have been pooled in Table 6. 

Many of the pair matings were sterile, particularly those with Dp‘ from 
stock 2. 

Of the 42 white-eyed daughters of +-/Dp* mothers, 22 proved to be Dp*/+, 12 
+/+, and eight were sterile. 

The variation in phenotype from fly to fly within a sibship, even when highly 
inbred, has always characterized position-effect variegation. The replicate sibships 
from the same class of mating for the most part varied no more in average grade 
than random samples of the same sizes drawn from a single population. Histo- 
grams of the relative frequencies with which sibship means fall in the ranges 
0-0.09, 0.10-0.29, 0.30-0.49, . . . , 1.90-2.0 are given in Figure 1 for both sexes 
from each of the four major types of matings. Sibships with Dp'—1 or Dp* fathers, 
however, did differ very significantly among themselves. Recombination of any 
modifying loci in the third chromosome euchromatin in the heterozygous grand- 
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Ficure 1.—Histograms of frequency with which sibships of the indicated genotype from the 
indicated cross have average grades falling in the intervals 0—0.09, 0.10-0.29, 0.30-0.49, ..., 
1.90-2.00. A chromosome symbol to the left of the slash indicates inheritance from the mother; 
to the right, from the father. Dp'-1 = duplication, initially from the free X stock, carried in a 
compound X stock for seven months prior to assay. Dp* = duplication carried for more than two 


years in compound X stock. 


mothers could produce such between-sibship heterogeneity and would be masked 
in the progeny of heterozygous Dp'—1 or Dp* mothers by the larger within-sib- 
ship variability which would result from further recombination. However, the 
within-sibship variances were if anything smaller when the mother rather than 
the father was Dp/+, even after allowing for the tendency for variances to be 
smaller when means approach either extreme (0 or 2.0). Therefore, the + and 
Dp third chromosomes were effectively the same at potentially modifying euchro- 
matic loci. 

In spite of the observed sibship heterogeneity, the distributions of sibship means 
were clearly different for the different types of matings. The distinction between 
Dp‘ and Dp* is not lost when the two are put into the same genetic background 
and is therefore assignable to the duplicated region itself. The comparison between 
Dp‘—1 and Dp* is shown graphically in Figure 2. 

The remote possibility existed that Dp‘ had arisen from Dp* by unequal cross- 
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Ficure 2.—Comparison of the four genotype-cross combinations in both sexes of offspring. 
Vertical bars signify the proportion of pigmented individuals in the daughters and sons of crosses 
of Dp/+ x +/+, 95 percent confidence limits indicated by the inserted small bars. Pie diagrams 
signify the average amount of pigment in the category, with -++ and — signs indicating the 95 


percent confidence limits. 


ing over following imprecise pairing of the duplicated region in an originally 
v w/y w; Dp*/Dp* female in the free X line. Dr. EEEN Sutton GERsH very 
kindly examined the salivary chromosomes of both the Dp‘ and the Dp* stocks. 
No differences could be found anywhere in the entire chromosome region. If any 
excess or deficiency of chromosomal material is involved in the difference be- 
tween the two forms of the duplication, either it is restricted to adjacent hetero- 
chromatin, within which crossover recombination is virtually nonexistent and 
which is exceedingly difficult to study in salivary preparations, or else it amounts 
to considerably less than one band. Such a microdeficiency has been established 
by convincing noncytological tests in the case of certain “recombinational whites” 
arising during the elegant study of pseudoallelism at the white locus by GREEN 
(1959). 

Six individual matings gave anomalous results and have been excluded from 
Table 6. Of these, one (with a Dp'—1 mother) had sons with an average grade of 
1.51 and daughters of 0.78, thus falling into the range characteristic of +/Dp‘—1 
sibships. As a tentative explanation, it is conceivable that the greater pigment- 
promoting tendency of Dp‘ is separable either recombinationally or mutationally 
from its parental-source effect. Two exceptional matings (with Dp‘ mothers) were 
alike, having only three pigmented sons in 36, averaging .002 in grade, and three 
pigmented daughters in 28, averaging .015 in grade. Two with Dp'—1 fathers and 
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one with a Dp‘ father were alike, netting 22 pigmented sons in 48, averaging .436 
in grade, and 33 pigmented daughters in 77, averaging .081 in grade. The progeny 
of these five matings suggests a change from Dp‘ to a “state” resembling Dp* 
both in over-all pigment production and in direction of the parental-source effect. 

Furthermore, in matings employing Dp/+ mothers, possible alterations from 
Dp‘ to Dp* or the reverse can be detected in individual daughters, since the 
phenotypes of Dp‘/+ and Dp*/+ females are so discrete in their statistical 
distributions. Sons of these same matings, or offspring of Dp/+ fathers, cannot 
be so unequivocally classed as Dp‘ or Dp* on the basis of their own individual 
phenotypes, and thus were not included in the search for evidence of change of 
state of the duplication in the progeny of the presently described crosses. Thus 
from the given evidence no conclusion about the conditions of such a change can 
be drawn. Eleven of the 122 daughters of Dp'—1 mothers and two of the 60 
daughters of Dp‘ mothers had much less pigment than the remainder, averaging 
0.155. These are, however, included in the data of Table 6, since no means of 
identifying their opposite numbers from the reciprocal crosses would permit a 
similar exclusion. Two of the 75 daughters of Dp* mothers averaged 1.425, and 
were obviously excluded from Table 6. The numbers involved are too small to 
warrant estimates of the rates of change. Only a few of these “mutant” daughters 
were progeny-tested. The data on these indicated a change both in over-all 
pigment production and direction of parental-source effect. Obviously the 
phenomenon of change of state of the duplication merits much further study. 


DISCUSSION 


It is, first of all, worthy of note that the foregoing results include no exceptions 
to the rule that the more whole Y chromosomes in the genome, the more sup- 
pressed the variegation, or, in other words, the more normal the phenotype at- 
tributable to the euchromatic loci near broken heterochromatin. This is more 
obvious in the case of comparisons within sex—of free X with compound 
males when both have whole free Y chromosomes, and of free X with Y-bearing 
attached-X females. Other conditions, such as greater heterochromatin in 
the attached-X than in two free X’s, or even sex-linked modifying loci with 
incomplete dosage compensation, may also play a role in the over-all rank- 
ing of pigment-forming capacity in the increasing order y w/y w<y w/Y< 
yw /Y<Y8w y-Y"y+/Y. The simplicity of this ranking is, however, deceptive, 
since earlier work has shown that neither of the compound X genotypes forms 
as much pigment as the y w/y w unless some part of an additional Y chromosome 


is present. 
Hessier (1961) obtained an excess of pigmented offspring from heterozygous 


Dp‘ mothers. A similar excess was found here in the first series of crosses with 
heterozygous Dp‘ fathers but was not repeated in the last series of experiments. 
Other unpublished data further indicate that such excesses, though statistically 
significant in magnitude, are sporadic; the circumstances under which they may 
be repeatedly elicited have yet to be defined. Consequently, it is fruitless to specu- 
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late at this date on whether Dp-bearing flies are occasionally more viable than 
their non-w” sibs on occasion, or whether more novel mechanisms, such as 
meiotic drive or segregation distortion, are involved. 

Certainly there is a notable over-all difference in penetrance and expression 
of the w”™ locus in experiments performed at widely different times. A subjective 
change of standards of grading in the interim would account for apparent dif- 
ferences in expression but not for differences in penetrance. The origin of the 
differences is probably environmental, although most identifiable environmental 
factors have been rigidly controlled. A systematic difference in stock genomes, 
which could arise and spread throughout the stocks in the interval between ex- 
periments, cannot be ruled out. 

The hypothesis advanced by Nousp1n (1944) to account for the various 
maternal or parental effects which he reported for scute variegation was that 
structural heterozygosity promotes a transiently inherited “heterochromatiza- 
tion”’ of the regions bearing the variegating + alleles, fathers differing usually 
from mothers in the degree of structural heterozygosity of heterochromatic 
regions. Such “heterochromatization” would not suffice to account for the dif- 
ference in parental-source effect between Dp‘ and Dp* unless additional ad hoc 
hypotheses are framed, such as that there are undetectable structural differences 
in the 3L proximal heterchromatin adjacent to the euchromatic duplication. 

Many features of this variegation system require a more systematic exploration 
before a mechanism accounting for the already established attributes of Dp‘ and 
Dp* can be sensibly postulated. For instance, it has yet to be determined whether 
flies bearing Dp* transmitted through sperm, but of Dp*-bearing mothers, are as 
intensely pigmented as +/Dp* offspring of +/+ mothers. This result would in- 
validate the earlier suggestion that Dp* in females functions so imperfectly as to 
lead to the accumulation in eggs of materials inhibitory to the pigment-forming 
action of the w” locus. Whether either or both of the distinctions between Dp‘ 
and Dp* will be found to hold for the other loci included in the duplications will 
determine whether the eventual mechanism will be couched in terms of the 
immediate relationships of neighboring parts of the chromosome or rather in 
terms of a specific action on the physiological system affected by the white locus. 
Furthermore, it is unlikely that this is the only variegation system in which 
parental effects of the sort described here can be found. This may indeed be a 
quite common attribute of position-effect variegation systems, reflecting aberra- 
tions in the basic normal premeiotic functions of heterochromatin in the over-all 
process of differentiation during ontogeny. 


SUMMARY 


Two states of activity of the white locus in the rearrangement Dp(w”) 264-58a 
have been identified and tested on a common genetic background: in Dp‘ the 
white locus is much less suppressed than in Dp*. Dp' yields a more nearly wild- 
type phenotype when transmitted via egg than via sperm, while Dp* yields a 
more nearly wild-type phenotype when transmitted via sperm than via egg. The 
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specific parental-source effect of Dp‘ is independent of X and Y constitution of 
both parents and offspring. The parental-source effect of Dp*, tested only in 
progeny of attached-X mothers, is independent of the X-Y constitution of the 
father and the offspring. The effects are limited to one generation; there is no 
“grandparental effect.” 
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P REVIOUS studies of the sex-linked, recessive lozenge (/z) eye mutants in 

Drosophila melanogaster established that each of 18 independent mutants 
could be assigned to one of three recombinationally discrete loci (GrEEN and 
GreEN 1949, 1956). On phenotypic grounds all but two of these mutants—/z*” 
and /z*°*—fulfilled the accepted criteria of allelism. The two exceptions were 
distinctive in that homozygous females possessed both spermathecae, invariably 
missing in typical /z females, and normal tarsal claws, invariably abnormally 
reduced in /z mutants. In addition a complementary, near wild-type phenotype 
resulted when the atypical mutants were compounded to any of the typical Jz 
mutants. Despite these phenotypic differences, the two atypical mutants were 
recombinationally localized to the left or spectacle (spe) locus, and extensive 
genetic tests failed to demonstrate that they were separable from this locus. 

In Drosophila Inform. Serv. 30, 1956, Dr. J. KrivsHenKo reported finding a 
new spontaneous mutant of unusual interest, which he described as almondex-55 
(amzx**). This mutant was of particular interest because it had been previously 
shown that the original amz mutant whose phenotype superficially resembles 
that of /z, represented a tightly linked but nonallelic locus (GrEEN and GREEN 
1956). While homozygous amz** females are fertile, those of the original amz 
are sterile. Although KrivsHENKo localized the new mutant to the /z region, he 
designated it an amz allele because it was normal when compounded to /z. Lack- 
ing the original amz, he could not apply the phenotypic test fer allelism. 

These facts suggested that amz** was indeed peculiar and merited further 
study if for no other reason than to decide whether it is an amz or /z mutant. The 
results of this investigation are the subject of this report. Sincere thanks are due 
Dr. KrivsHENKOo for his generosity in making amz* available for study. 

Phenotypic interactions: In phenotype amzx** (from hereon designated /z*) is 
distinguishable from both amz and any of the known Jz mutants. Thus /z* males 
have narrowed, moderately rough eyes and normal tarsal claws. The facet de- 
rangement is visibly distinctive from that of amz but not obviously different from 
a number of “rough” eye mutants including some /z mutants. Homozygous /z* 
females have normal genitalia, normal tarsal claws and have eyes distinctly more 
normal than those of /z* males often being inseparable from wild type. These 
females are phenotypically separable either on genitalia phenotype and/or eye 
phenotype from any amz or lz females. In addition /z* clearly does not manifest 
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dosage compensation since the eye phenotype of homozygous females is clearly 
more normal than that of hemizygous males. The absence of dosage compensa- 
tion was corroborated by comparing the phenotypes associated with the three 
genotypes /z*/Iz*, Iz*/lz deficiency and Iz*/Y. As anticipated for mutants which 
do not manifest dosage compensation, /z*/lz deficiency females were pheno- 
typically equivalent to /z* males and unequivocally more abnormal than /z*/Iz* 
females. This phenotypic distinction was observed where any one of three inde- 
pendent /z deficiencies was employed. The tests with the /z deficiencies confirm 
KrivsHENKO’s conclusion on the genetic location of /z*. 

The phenotypic interactions of /z* were studied in compounds with amz, 12 lz 
mutants, three /z deficiencies and one /z inversion. The eye structure, tarsal 
claws and spermathecae of heterozygous females for each genotype were studied 
and compared. The tarsal claws of all heterozygous females studied were normal 
in appearance irrespective of the /z mutant involved. As regards eye structure 
and spermathecae, the results have been summarized in Table 1. Some comments 
are in order. It is recognized that a subjective factor is unavoidably inherent in all 
visual assessments of eye phenotype. Therefore wherever possible phenotypes 
were compared side by side. Nonetheless, it should be understood that although 
the listing in Table 1 implies discontinuous phenotypic classes, there is, in fact, 
some overlapping because of slight and subtle differences which cannot be prop- 
erly expressed. However, there is sharp separability between classes at the ex- 


TABLE 1 


Eye and genitalia phenotypes of females \zk/|z mutant 





Compound with 


tye Number spermathecae/female 
lz mutant phenotype* 0 1 g 





1. lz ape 3 2 21 
Izs8e 4. 36 15 1 
z36 4 27 2 1 
1z3N 0-+ all 
1z34k = all 
1zBS + 41 2 22 
1z50e 0 all : 
2. Iz = 33 13 
1z+8t + all 
1z46 = all 
3. le a. all 
lzu4 ++ all 
lzs ef te all b 
4. In(1)1z88 - 15 14 7 
Df(1)lz + all 
5. amzx 0 all 





* Arbitrary eye phenotype scale: 
O0—wild type. 


+ = equivalent to homozygous /z* females. 
+ =eguivalent to /z* males. 
+ + =rougher and narrower than /z* males. 


+++ =rougher and narrower than + + class. 
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tremes. Thus flies in class 0 are always distinguishable from those in classes +, 
++ or +++, but not necessarily so from +. Similarly some individuals in class 
+ may be as extreme as those of class ++. In making these groupings an attempt 
has been made to represent a composite phenotypic picture. For each genotype, 
a minimum of 25 females was dissected and their spermathecal phenotype de- 
termined. This number is denoted by “all” in Table 1. Where variable sper- 
mathecal phenotypes were encountered usually more than 25 females were 
dissected. Although quantitative studies were not made, there appears to be a 
correlation between the development of the spermathecae and the ovaries, and 
fertility. Those females possessing normal spermathecae manifested normal 
fertility, while those lacking spermathecae exhibited reduced fertility. (For 
similar behavior in /z*? see ANDERSON 1945.) The data in Table 1 have been 
separated into five groups depending upon the /z mutants employed: group 1, 
mutants all localized to the spe or left locus; group 2, mutants localized to the lz or 
middle locus; group 3, mutants localized to the gly or right locus; group 4, chro- 
mosomal rearrangements and group 5, amz. It will be noted that the compound 
amx/lz* is wild type in all respects and it is concluded that /z* and amz are not 
alleles. 

The data listed in Table 1 show that it is not possible on the basis of phenotype 
to draw hard and fast conclusions on the allelic relationships of /z*. Each com- 
pound must be judged by itself. The eye and female genitalia phenotypes which 
result when /z* is compounded with /z” or /z’ are compatible with the conclusion 
that /z* is a lozenge mutant. On the other hand the compound with Jz’ known to 
be allelic to /z” and /z* does not support this conclusion. The compounds with 
the mutants /z, /z‘* and /z‘*/ manifest complementary phenotype and that with 
Iz is especially interesting because a kind of “‘super’’ complementation was ob- 
served. In repeated crosses about 25 percent of such females possessed three 
spermathecae rather than the normal two. In Figure 1 the spermathecal condi- 
tion in /z*/]z females is illustrated. The compounds with the spe mutants present 
a puzzling and certainly nonlinear picture about which detailed comment is 
necessary. There appears to be no over-all relationship between the phenotype 
of the spe mutant and of its compound with /z*. Thus /z** whose eye phenotype 
is more abnormal than that of /z** of /z®* produces a more normal compound 
with /z* than do these less extreme mutants. It is not surprising that the com- 
pound /z°°//z* is wild type since /z*’*, as noted, produces a complementary pheno- 
type with all typical /z mutants tested. 

The phenotypic interactions of /z*, /z**, /z‘*° and lz*® are of more than passing 
interest since all produce the most extreme phenotypic departures from wild- 
type characteristic of the lozenge mutants. Insofar as is known, no objective way 
of separating these mutants has been described. Since /z** is known to be associ- 
ated with an inversion, it is genetically separable from the others. A comparison 
of the eye and spermathecal phenotypes of the three compounds with /z* shows 
that they are not identical and fall into three distinctive groups. Thus the com- 
pound with /z’* results in the most extreme phenotype, the compound with /z* 
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Ficure 1.—Spermathecae of Iz/lz* females showing (a) individual with normal pair; 
(b) individual with three. 


the least extreme and that with /z‘*° falls between the two. These observations 
suggest that /z*, /z’* and /z**° known to occupy identical loci and seemingly pheno- 
typically identical, are, in fact, distinctive, nonidentical mutations. 

Recombination analysis: Because of the unpredictable phenotypic interactions 
of /z* in compound with the several /z mutants, the determination of the linkage 
relations of this mutant was of paramount importance. Previous studies had 
shown that where crossing occurs between two /z mutants, two complementary 
products are recoverable: one is /z+, wild type in all respects carrying neither 
mutant and the second /z*-like, simulating the greatest phenotypic departure 
from wild type and carrying the two /z mutants coupled to the same X chro- 
mosome. If, despite its phenotype, /z* is a genuine lozenge mutant which permits 
free recombination in its genetic environs, these recombination products mani- 
festing precisely the phenotypes indicated are expected among the progeny of 
females heterozygous for /z* and a nonallelic /z mutant. 

Initially crossing over between /z* and /z‘* was sought since /z** was assigned 
to the middle or /z locus (GREEN and GrEEN 1949). Females of the genotype 
lz*/sn* lz** v (sn* = singed-3 bristles, vy = vermilion eye color) were obtained and 
crossovers sought among their male progeny. As noted in Table 2, three excep- 
tions were recovered: one male sn’ but otherwise wild type and two males /z*- 
like v. On the basis of the markers it may be presumed that the exceptions are 
complementary crossovers. It should be noted that the exceptional males recovered 
are precisely those expected if /z* is localized to the left of lz‘*. Since lz* on oc- 
casion overlaps wild type, the sm’ /z+ males were crossed to a deficiency of Jz to 
make certain that it was indeed a reversion to wild type. The resultant heterozy- 
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TABLE 2 


Crossing over relationships of \z* 











Genotype parental Phenotype exceptional Total males 
females males scored 

sn3 1z46 p/Izk 13 sn*lz*, 28 6 lzs-likev 12,666 

sn3 1zB8 p/Izk 14 lz*v, 14 sn? lzs-like 12,595 


14 Iz8-like 





gote proved to be wild type demonstrating that the sm* z+ exception is genuinely 
lz+. In phenotype the /z*-like exceptions simulated that of the mutant /z* except 
that the reduction in amount of red eye pigment was not quite as great. Charac- 
teristically, the red pigment in /z° flies is confined to a thin, peripheral rim along 
the perimeter of the eye. The /z*-like flies had a slightly broader rim. From previ- 
ous experience it can be assumed that the /z*-like exceptions are of the genotype 
Iz‘ lz** v. This was proved by obtaining females of the genotype /z*-like v/sn’ and 
seeking sn’ /z‘* v and /z* males among their progeny. As anticipated two sn’ lz** v 
and one /z* males were recovered among ca. 15.000 individuals. 

Since /z* has its locus to the left of z‘* it was tested for allelism to /z®* similarly 
localized to the left of /z’*. Females of the genotype sn* 1z®* v/lz* were obtained 
and their male progeny scored. Unexpectedly, three male exceptions were ob- 
tained as indicated in Table 2: one /z+v, one sn’ Iz*-like, and one /z*-like carrying 
neither marker. The first two exceptions are readily explained on the assumption 
that /z* has its locus to the right of /z®* and therefore at a new locus, between 
1z®8 and /z’*. In this location, crossing over would produce exceptions exactly as 
recovered. To explain the third exception it is necessary to assume that double 
crossing over took place with one crossover occurring between /z* and /z** 
and the second between /z?* and sn’. Both /z*-like exceptions should carry both 
1z®* and /z* in coupling. This was proved in the usual manner. In the case of the 
lz*-like exception without markers, one /z®*v and two sn’ lz* males were found 
among 12,635 male progeny of females whose genotype was /z*-like/sn* v. Where 
the sn’ lz*-like exception was tested, one sn‘ /lz®* vy male was detected among 
10,040 male offspring of females sn’ lz*-like/v. 

There can be no doubt that /z* represents a new /z locus situated roughly eaui- 
distant between /z* and /z‘*. Additional crosses where Jz* was tested for recombi- 
nation with /z** and /z* allelic to /z®* and with Jz allelic to /z** verified in all 
details the results reported for /z®* and /z‘* and need not be elaborated here. 


DISCUSSION 


Since /z* manifests neither the altered female genitalia, nor the striking altered 
eye phenotype, nor the reduced tarsal claws phenotypes so characteristic of the- 
lozenge mutants, on what grounds should it be classified a lozenge mutant? The 
one fact favoring this classification is the /z*-like phenotype characteristic of 
individuals whose genotype consists of /z* coupled to the X chromosome with a 
typical lozenge mutant. The genotypes /z?* Iz*, lz* Iz**, 1z** Iz* and Iz* Iz all have- 
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been obtained and without exception all manifest eye, genitalia and tarsal pheno- 
types classifiable as /z*-like and therefore more extreme than that of either mu- 
tant. This observation parallels precisely earlier observations with comparable 
coupling genotypes of typical lozenge mutants (GREEN and GREEN 1949, 1956). 
On this basis /z* cannot be considered an amx mutant since it has already been 
demonstrated that the coupled genotype amz Iz’ does not produce the character- 
istic /z*-like phenotype (GREEN and GrEEN 1956). In addition, it should be noted 
that the phenotypes of females Jz*/lz* and Iz*/lz“ are, except for the lack of 
altered tarsal claws, those expected if /z* is considered an /z mutant. 

In at least two ways, the phenotypic interactions of /z* with other lozenge . 
mutants are at variance with the general experience with allelic and pseudoallelic 
mutants. One difference is the relationship between complementation and the 
spatial location of the mutants. The experience with Neurospora indicates that, 
with rare exceptions, there is a high correlation between complementation and 
the spatial location of independent mutants (Gites 1959). Complementation is 
greatest between mutants which are recombinationally far apart and least or 
fails to occur between mutants which are recombinationally close together. In 
the case of /z* the situation is reversed. Complementary phenotypes are observed 
among compounds with mutants which are comparatively closely linked to lz* 
(e.g. lz, 1z**) while the most mutant (noncomplementary) phenotypes are found 
in compounds with mutants whose loci are more distant (e.g. /z? and Jz”). From 
this operational point of view, /z* is an exception to the concept of the cistron. If 
the aforementioned phenotypic interactions are applied to determine the cistronic 
relationships of the several lozenge mutants, it would be concluded that /z* is not 
included in the same cistron as mutants proximal to it but is part of a cistron 
which includes more distally located mutants. From the viewpoint of the gene 
as a functional unit this means that there occur functionally unrelated sites which 
separate or disturb the integrity of the functionally related elements. While there 
is no a priori reason why a genetic arrangement of this sort should not exist, its 
existence is not predicted from the cistron concept. The general application of 
this concept is therefore open to serious reservations. 

The phenotypic interactions of /z* within a group of alleles also fail to fulfill 
expectations. In general the phenotype of a compound is correlated with the 
phenotypic alteration associated with the individual mutants being studied; the 
more extreme the phenotypes of the mutants, the more extreme the phenotypes 
of the compounds. Among the compounds of /z* with the alleles Jz’, /z’* and lz’ 
this rule holds true for in this group Jz’ causes the least drastic phenotypic change, 
lz’ the greatest change. Their compounds with /z* follow the same phenotypic 
order. However, among the mutants of the left locus at least two mutants provide 
clear-cut exceptions. Thus /z* is phenotypically a far more abnormal allele than 
is /z®* yet their compounds with /z* are reversed. 

These facts re-emphasize the assertion that the mutant phenotype, except at 
the molecular level, is not a reliable criterion for describing either the functional 
or spatial properties of independent mutations. Conclusions based on phenotype 
are at best presumptive and should invariably be recognized as only a first step 
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in describing the properties of any mutated gene. To draw conclusions on gene 
function solely from phenotypic interactions is to indulge in sophistry. 

The fact that the mutants Iz‘, lz** and Iz‘**, genetically and phenotypically 
indistinguishable even after detailed morphological analysis (CLayTon 1954a,b) 
can be separated from one another by virtue of their compounds with /z* has 
important implications for the nature of the mutation event. These observations 
illustrate that as varied and more sensitive methods of phenotypic analysis are 
brought into play, presumed recurrences of the same mutation can often be shown 
to be nonidentical. The extreme sensitivity of immunological methods as applied 
to blood groups, especially in cattle (Srormont 1959), suggests that an almost 
unlimited number of nonidentical alleles can occur at one locus. Comparable 
findings have been made where self-sterility alleles in plants have been similarly 
studied (Emerson 1939). There is therefore reason to believe that an equivalent 
situation can exist at each locus of a pseudoallelic array, the demonstration being 
predicated only on finding sensitive phenotypic indicators of nonidentity. This 
suggests that within a recombinationally indivisible unit (the locus!) an extremely 
large number of discrete mutational events can occur, each phenotypically separ- 
able from the others. It suggests further that identical mutational events rarely 
recur or recur less frequently than nonidentical mutations. What are the dimen- 
sions and organization of a locus in this view? It is, at present, not possible to 
precisely equate minimum genetic size as measured in Drosophila and other 
higher organisms by crossing over and DNA composition. As a working hypothe- 
sis it seems that the Drosophila locus finds its counterpart in the cistron of the 
virus and bacterium. This is to say that the recombinationally indivisible unit of 
the higher organism is equivalent to a microbial unit which is divisible by the 
process of microbial recombination. A genetical situation of this type can have 
meaning only if recombination by crossing over in higher organisms and recombi- 
nation in viruses and bacteria are not identical events. These are on operational 
grounds good and ample reasons for believing that the recombination events 


genuinely are different. 


SUMMARY 


1. A genetic analysis of the mutant /z* is presented and data submitted to show 
that it represents a new lozenge locus localized between the previously described 
left and middle loci. 

2. The phenotypic interactions of /z* and other /z mutants are variable. Com- 
pounds with complementary phenotypes occur with mutants proximal to /z* 
and noncomplementary phenotype with mutants more distally located. 

3. The bearing these findings have on the organization of the genetic material 


is discussed. 
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) © pcan enngess with one more or less 4th chromosome than the normal pair 

were first described by Brinces (1921a,b). Haplo-4 flies with only one 4th 
chromosome were discovered because of their obvious complex of abnormal char- 
acters. Most conspicuously they are Minute; that is they have short slender 
bristles. Triplo-4 flies do not differ greatly from normal flies in phenotype, but 
according to Bripcrs they do have smaller, smoother eyes, narrower and more 
pointed wings, darker body color and less pattern on the thorax than wild-type 
flies. Triplo-4 flies of both sexes are vigorous and fertile. 

One half of the gametes of triplo-4 flies are expected to carry two 4th chromo- 
somes. A zygote resulting from the union of an egg nucleus possessing two 4th 
chromosomes with a sperm also carrying two 4th chromosomes will have four 
4th chromosomes (tetra-4). Bripnces (In Morcan, Brinces and StuRTEVANT 
1925) interpreted genetic data from parents each of which were triplo-4 to indi- 
cate lethality of the tetra-4. 

Li (1927) made egg counts of triplo-4 females mated to triplo-4 males. Thirty 
to 40 percent more progeny from this cross died in the egg and larval stages than 
from crosses in which one or both parents were diplo-4. He concluded that all 
tetra-4 Drosophila die before reaching adulthood. He believed that most of them 
do not survive the embryonic stages and the remainder die during larval life. The 
resolution afforded by Li’s or Brinces’ experiments does not exclude infrequent 
survival into the adult stage. 

Bripces (1935) reported that he found one female pupa with four 4th chromo- 
somes in oogonial cells. This indicated that tetra-4 Drosophila survive at least on 
occasion into the pupal stage. ScHuttz (1935) states that he may have seen a 
tetra-4 adult with four doses of the 4th chromosomes mutant, shaven. He de- 
scribed the fly as having extra bristles, but offered no genetic or cytological evi- 
dence that it was indeed a tetra-4. 

The difficulty in proving by genetic methods that flies are tetra-4 arises from 
the lack of suitable genetic markers on chromosome 4. To circumvent this diffi- 
culty, translocations of the 4th chromosome with other chromosomes can be used. 
The markers on the other chromosome parts of the translocations serve to indicate 
the presence of the 4th chromosomes. This method has been used in the experi- 
ments reported here to demonstrate that flies carrying the genetic material of 
four 4th chromosomes survive, even though infrequently, into the adult stage. 


1 Operated by Union Carbide Corporation for the U. S. Atomic Energy Commission. 
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MATERIALS AND METHODS 


Chromosomes: T(1;4)w™ T(1;4) BS, w™ v BS was obtained by D. L. LrnpsLey 
and E. S. von Hate (personal communication) by crossing over in a female 
heterozygous for T(1;4)w™* and T(1;4) BS y cv v BS (see Brinces and BREHME 
1944 for definition of mutant symbols). T(1;4)w”’ is a reciprocal translocation 
between the X and 4th chromosomes with breaks at salivary gland chromosome 
map positions 3C2-3 and 101 F (Brinces and BreHMe 1944). T(1;4) BS has breaks 
at 16A1 (BripcEs and BreHMme 1944) and 102F (Lewis 1956). The derivation 
of the crossover product is shown diagrammatically in Figure 1. The crossover 
produced three centric chromosome fragments with the genetic material of an 
X chromosome and two 4th chromosomes. 

T(1;4)w™ T(1;4)h2 was produced by a crossover in a female heterozygous 
for T(1;4)w™, w”™ v and T(1;4)h2, y. T(1;4)h2 is a reciprocal translocation 
between the X and 4th chromosomes with a break at salivary gland map position 
9A in the X chromosome (D. L. LinpsLEy, personal communication). The deri- 
vation of T(1;4)w”* T(1;4)h2 is shown in Figure 2. In T(1;4)h2 the break in 
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cs D T(1,4)w™ 
—s — =) T(1,4)B° 
wv UY BS 
wns | Ss 
c= et ee TU4)w™? T4,4)B° 


= X CHROMOSOME MATERIAL 


a FOURTH CHROMOSOME MATERIAL 
Ficure 1.—Derivation of T(1;4)w™5 T(1;4) BS, 
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Ficure 2.—Derivation of T(1;4)w™> T(1;4)h2. 
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the X chromosome was near the locus of vermilion (v). A recombinant which 
was y+ w”* v+ from the heterozygous female carried an X chromosome in three 
fragments with two 4th chromosomes on these fragments. 

Two slightly different X chromosome balancers were used. They were deriva- 
tives of FM4 (Mistove and Lewis 1954) and had the inversions of FM4. Both 
carried an X-ray-induced white allele, w**’, not present in the original FM4 and 
in one of the chromosomes B has been replaced by f. The complete designations 
of the balancers were then FM4, y*"4 sc* w**! dm B and FM4, y*"4 sc* w**! dm f. 
The FMé4 inversions were effective crossover suppressors and it is assumed that 
there can be no recombination between the balancer and the translocations. 

The object of the crosses shown in Figure 3 was to derive a stock in which the 
females were heterozygous for T(1;4)w™* T(1;4) BS and a balancer and males 
that were hemizygous for the X;4 translocations. The ci?-marked 4th chromo- 
some was used in order to select against a free 4th chromosome in the stock. It 
was not essential to have eliminated the free 4th chromosome, but it was done to 
avoid possible ambiguity. The only 4th chromosomes in the stock were therefore 
those involved in the translocations. Both males and females were then diplo-4. 

T(1;4)w™ T(1;4)h2 was balanced with FM4, y*"4 sc* w**! dm B using the 
same sort of crosses used to balance T (1;4)w™ T (134) BS. 

The cytological preparations were squashes stained in lacto-aceto-orcein as 
described by Nicotert1 (1959). The preparations were analyzed and photo- 
graphed with a Zeiss Photomicroscope. 





FM4, y?"“ sc* w**! dm f/y? v 2X T(1;4)w™ T(1;4) BY, w™ v BS 
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Ficure 3.—Production of balanced stocks of T(1;4)w™5 T(1;4)B* and the origin of tetra-*. 
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RESULTS 


Production of tetra-4 females: The two balanced stocks gave rise to flies homo- 
zygous for T(1;4)w™.T(1;4) BS and T(1;4)w™ T(1;4)h2. These homozygotes 
were females since they carried the material of two X chromosomes. They also 
had to be tetra-4 and carry the chromosome material of four 4th chromosomes. 
They occurred in the stocks with a frequency of one to two homozygotes per 
hundred heterozygous females. The genetic markers were such that identifica- 
tion of the homozygote was certain. First, the homozygote for T(1;4)w™ 
T(1;4) BS, w” v BS had vermilion eye color with some mottling of w”’. The size 
of the eyes was greatly reduced by the presence of homozygous B*, but enough 
facets were present to make the vermilion eye color determination with certainty. 
On the other hand, the heterozygote for the translocation and the balancer had 
wild-type eye color. Secondly, the sc* inversion in the FM4 balancer causes a 
variegation for Hairy-wing which results in the presence of a few hairs in the 
mesopleural region of the thorax. This Hairy-wing effect is dominant and is 
observed in the heterozygote of the translocations and the balancer but not in 
the homozygote. Both these pieces of evidence demonstrate that the balancer was 
not present in flies identified as homozygotes (and tetra-4’s). 

The possibility that some portion of the translocation was missing from the 
homozygote may be excluded for the following reasons: (1) A deficiency of 
the middle portion (3C2-3 to 16A) was clearly inviable. (2) Deficiencies for 
the distal portion (1 to 3C2-—3) or the proximal portion (16A1 to the centromere) 
were also inviable and if they had survived they would have been expected to 
show Minute phenotypes; the flies identified as homozygotes were not Minute. 

The homozygote of T(1;4)w™* T(1;4)h2,w"* was phenotypically distinguish- 
able from the heterozygote of the translocations and the FM4, y*"4 sc* w**! dm B 
balancer by the B+ phenotype and by the absence of the Hairy-wing effect on 
the mesopleura of the homozygote. The possibility that a part of the translocations 
was absent could again be excluded for the aforementioned reasons with the other 
translocation homozygote. 

Cytological observations: The cytological observations on chromosomes in brain. 
squashes and salivary glands confirmed the conclusions based on genetic evidence. 
Mitotic metaphases in larval brain tissue of tetra-4’s had four large chromosomes 
and six smaller chromosomes. The large chromosomes were the second and third 
chromosomes and the six smaller ones made up the two X chromosomes and the 
four 4th chromosomes. 

Salivary gland preparations (Figure 4) clearly show the three parts of the 
X chromosome. The sections from the tip to 3C2 and 9A to the centromere extend 
out of the chromocenter. The region between 3C2 and 9A forms a loop with both 
ends in the chromocenter. Unfortunately, it has not been possible to identify the 
translocated 4th chromosomes in salivary gland preparations. 

Characteristics of tetra-4 females: The most noticeable abnormality of the 
tetra-4 females was the shape of the wings. Compared to diplo-4 females the 
wings were slightly longer and more pointed (see Figures 5 and 6). BripcEs 
found that triplo-4’s also have narrow wings and this character is accentuated in 
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Ficure 4.—T(1;4)w™s T(1;4)h2 Salivary gland chromosomes. X” is region from the tip of 
the X chromosome to 3C2, X™ is the region of the X chromosom2 between 3C3 and 9A, XP is 


the region between 9A and the centromere. 














WING OF DIPLO—4 FEMALE 


Figure 5.—Drawing of wing from normal diplo-4 Drosophila female. 


tetra-4’s. The abdomens of tetra-4’s were slightly longer and narrower than they 
were in diplo-4’s. One reason for the narrow abdomen is that the tetra-4’s did not 
contain as many eggs as normal females. The fertility of tetra-4 females was 
very low. They produced about ten progeny per female. If tetra-4 females are 
mated to males carrying the same X;4 translocations, a stock should be established 
in which all females are tetra-4. Nearly all of the progeny of such matings were 
males. The tetra-4 females were not produced in sufficient numbers even to re- 
place their mothers. 

Their low frequency of appearance in these translocation stocks may be at- 
tributed to their low viability. Another factor probably tending to reduce the 
number was the segregation of the chromosome fragments in their parents. 
Tetra-4’s arise from the union of two gametes, both of which carry the three parts 
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WING OF TETRA-4 FEMALE 


Ficure 6.—Drawing of wing from tetra-4 Drosophila female. 


of the double translocation. Such gametes were not common because parts on 4th 
chromosome centromeres probably tended to pass to opposite poles in the first 
meiotic division. 


DISCUSSION 


The tetrasomics for chromosome 4 described in this report are not the classical 
sort of multisomic since the multisomic chromosome is involved in rearrange- 
ments. There seems to be no reason to doubt that all of the chromosomal material 
of chromosome 4 is present in these animals in four doses, but the breaks in the 
chromosomes may have an effect on the viability of these tetra-4’s. Brrpces (1925) 
and Li (1927) were dealing with intact 4th chromosomes and could not find 
adult tetra-4’s. The rearranged chromosomes may be less deleterious to the 
animals than the normal chromosomes. On the other hand their methods were 
not sensitive and these workers may have overlooked a rare tetra-4 adult. 

Only tetra-4 females have been produced although chromosomes were avail- 
able to yield tetra-4 males. There may be a difference in the viability of male 
and female tetra-4’s. In the case of haplo-4’s, the males are more viable than 
females. 

Using modifications of the translocation technique just described the effect of 
higher degrees of multisomy could be tested without difficulty. Since tetra-4’s 
seem to be so inviable, any higher degree of multisomy for chromosome 4 in 
otherwise diploid D. melanogaster is likely to be completely lethal before the 
adult stage is reached. 


SUMMARY 


1. The tetrasomic for chromosome 4 has been produced in Drosophila melano- 
gaster. Females homozygous for T(1;4)w™® T(1;4)B® or T(1;4)w” T(1;4)h2 
have both X chromosomes divided into three parts. Translocated onto each 

















TETRASOMICS FOR CHROMOSOME 4. 1183 


tripartite X are two 4th chromosomes. Females with two tripartite X’s then carry 
the chromosmal material of four 4th chromosomes. 

2. The tetra-4 females have low viability and fertility. They are phenotypi- 
cally somewhat abnormal. Their most characteristic feature is wings that are 
longer and more pointed than normal. 
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TT. anthocyanin-producing action of the R’ allele in maize invariably is re- 

duced by passing R’ through a heterozygote with the stippled (R’R*') or the 
marbled allele (R’R™). The induced changes in R’ are gametically transmissible 
in metastable form (Brink 1956, 1960; Brink and Weyers 1957; Brink and 
Mrkuta 1958). It is now found that R” activity can regularly be altered in di- 
rected fashion also, in a quite different way, namely, by insertion of the factor in 
certain reciprocal translocations involving the long arm of chromosome 10 in 
which the # locus is situated. The change in R’ action in these cases is to a 
higher-than-standard level of pigment production; and the increase persists in 
the absence of the inciting agent. The results of experiments with two such 
structural alterations are presented in the present article. 


MATERIALS AND METHODS 


The structurally modified chromosomes whose effects on R’ action were tested 
are those present in the reciprocal translocations designated T2-10a and T4—10b. 
The breakage points in terms of relative distances from the respective cen- 
tromeres, as reported by Lonciey (1958), are: T2—10a(2L.17 and 10L.53) 
T4—10b(4L.18 and 10L.57). The R locus is known to lie between .57 and .92 in 
the long arm of chromosome 10. The position of R in this region has not been 
determined precisely, but linkage data (ANDERSON and Kramer 1954, and un- 
published) suggest that it is not far from .7. In any case, it is known that the 
breakage points in the long arm of chromosome 10 in both T2-10a and T4—10b 
are proximal to the R locus. The amounts of recombination between R and the 
reciprocal translocations were found to be rather variable from family to family 
in our standard W22 inbred strain, but averaged about nine percent in each case. 
Allowing for the fact that crossing over is much reduced locally in reciprocal 
translocation heterozygotes in general, it appears likely that the R locus is distant 
from the breakage points in T2-10a and T4—10b by at least as much as one tenth 
the length of the long arm of chromosome 10. The breakage points in chromosome 
10 in the two cases, although at nearly the same level, are not coincident, accord- 
ing to LoncLEey’s (1958) observations, and the distal portion bearing the F locus 
is shifted to the long arm of chromosome 2 in the one instance and to the long 
arm of chromosome 4 in the other. 


1 Paper from the Department of Genetics, College of Agriculture, University of Wisconsin, 
Madison, No. 824. 


Genetics 46: 1185-1205 September 1961. 
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The general procedures followed in this study are similar to those used in 
previous investigations on paramutation at the R locus in maize (Brink 1960). 
Each of the reciprocal translocations (T), and the different alleles employed, 
were incorporated in the uniform inbred strain, W22, before the experiments 
were begun. The W23 rr’ (colorless aleurone, green plant) inbred strain was 
used throughout as the pistillate parent in testcrosses of the general type, 
r7r92 X R'r’s or r’r92 X TR’/r’3, whereby the pigment-producing action of an 
R’ allele with a given history can be measured in single dose in the aleurone of 
the resulting R’r’r? or TR’/r’r? kernels. 

It is important to note, for reasons that will become apparent when the ex- 
perimental results are presented, that the T2—10a R’/r’ and T4—10b R’/r’ plants 
initially employed in the tests had been maintained in stock cultures as hetero- 
zygotes of these kinds, by recurrent r’r’? xX TR’/r’é matings, for at least two 
generations after introduction of the R’ allele into the respective translocated 
chromosomes by crossing over in Tr’/R’ individuals. 

The aleurone phenotypes resulting from r’r?? x R’R’S and r’r92 x TR’/r’d 
testcrosses are either mottled in some degree or are self-colored. The kernels were 
scored by matching them against a set of standard kernels varying from grade 1, 
colorless, through five levels of mottling, to grade 7, self-colored. The number of 
kernels scored per testcross ear usually was 100, but in some experiments 80 
were used. 

The particular R’ factor (colored aleurone, red plant) used in these experi- 
ments was our so-called “standard” R’ allele. R? is a colored aleurone, green plant 
mutant from standard R’, isolated in the W22 inbred line. The 7’ factor (colorless 
aleurone, red plant) in these cultures, however, is that present in the W22 
commercial inbred line of maize, and thus bears no immediate relation to stand- 


ard R’. 


EXPERIMENTAL RESULTS 


The results of a preliminary test of R’ pigment-producing action in testcross on 
rr? plants of R’r’, T2-10a R’/r’ and T4—10b R’/r’ individuals are assembled in 
Table 1. This experiment, made in 1957, provided the first evidence that, follow- 
ing insertion of R’ into T2-10a or T410b, the anthocyanin-producing capacity 
of the allele became enhanced, as compared with the same factor in a structurally 
normal chromosome. At the time this test was made the R’ allele had been in 
coupling with T2-10a and T4—10b for two generations in heterozygous W22 
stock cultures (TR’/r’). It will be noted from the table that the control kernels 
from r’r?? x R'r’é matings gave an average aleurone color score of 5.35. Most of 
these kernels were darkly mottled. The comparable testcross kernels from the 
matings with T2-10a R’/r’ and T4-10b R’/r’ plants gave scores of 6.97 and 
6.81, respectively. These values considerably exceed that for the control, and the 
differences are statistically significant at the one percent level in both cases. A 
high proportion of the TR’/r’r? testcross kernels were solidly pigmented (i.e., 
self-colored). The aleurone phenotype associated with enhanced R’ in T2-10a 
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TABLE 1 


Aleurone color scores of R'r®r® kernels following testcrosses on r®r& females of R'r™, T2-10a R'/r*, 
and T4—-10b R'/r* plants. 1957 data 








Staminate parents Aleurone 

Pedigree no. Genotype color score 
45-247-7 Rrrt 5.46 
—10 Rrrt 5.40 
—11 Rrrr 5.39 
-13 Rrrt 5.30 
-17 Rrrt 5.21 
Mean Rrrt 5.35 
45-261-1 T2-10a R*/r* 6.95 
-2 T2-10a R*/r* 6.91 
-6 T2-10a R*/r* 6.97 
—7 T2-10a R’/r* 7.00 
—14 T2-10a R*/r* 7.00 
Mean T2-10a R*/r* 6.97 
45-256-1 T410b R*/r* 6.96 
-2 T410b R*/r" 6.97 
4 T4-10b R*/rr 6.40 
5 T410b R*/r" 6.80 
-6 T4-10b R*/r* 6.92 
Mean T410b R*/r’ 6.81 





R’/r’r? testcross kernels is illustrated in Figure 1, in comparison with that of 
standard R’/r’r? kernels. 

Testcrosses on r*r® females of R'R" and R'r" males: On repeating the above 
experiments on a more extensive scale in 1958 a variable came to light that had 
been unrecognized previously. Two sets of control matings were made, involving 
testcrosses on W23 r°r? females of R’r’ and R’R’ staminate plants, respectively, 
from stock cultures. It was observed that the pigment-producing potential of R’ 
gametes from the R’r’ plants was somewhat higher, on the average, than those 
from R'R’ individuals. The relevant data are summarized in Table 2. 

The three families in which R’R’ plants were used as male parents, entered on 
the left side of Table 2, gave aleurone color scores of 5.20, 5.34, and 5.37. The 
scores for the colored kernels from the r*r?? Xx R'r’é matings, on the other hand, 
were 5.72, 5.90, and 5.49. The pooled mean values for the two sets of data are 
5.30 and 5.74, respectively. The difference, .44 units, is statistically significant 
at the one percent level (Table 5, lines 1 and 2). 

Testcrosses on r®r® females of T2—10a R'/T2-10a R' and T2-10a R'/r* males: 
Four W22 T2-10a R’/r’ stock culture plants were selfed and the resulting 
TR'/TR’ and TR’/r’ offspring were then testcrossed on W23 r*r? females. The 
scores for aleurone pigmentation of the colored kernels produced are summarized 
by families in Table 3. The results of a statistical evaluation of the data are given 


in Table 5. 
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Ficure 1.—Left: the enhanced R* phenotype, following a W23 r9r92 x W22 T2-10a R’/ 
T2-10a R'S mating. Right: the standard R’ phenotype, following a W23 r’r°9 x W22 R’R’3 
mating. 


The pooled mean aleurone color score for the matings involving TR’/TR’ 
males is 6.79, and the corresponding value for the TR’/r’ male plants is 6.88. 
The difference in score, .09 units, is not significantly different (Table 5, lines 
3 and 4). Both these scores are significantly higher, however, than the value 
(5.74) for the R’r’ control plants (compare lines 5 and 6, and lines 7 and 8, in 
Table 5). These results are in agreement with the preliminary observations 
reported in Table 1 that the pigment-producing action of R’ is enhanced when 
R’ is coupled with the T2—10a reciprocal translocation. They show, furthermore, 
that the enhanced action of R’ is manifested in the testcross offspring of both 
structural homozygotes and structural heterozygotes. 

Effect on R' action of return of R" by crossing over from a T2-10a to a struc- 
turally normal chromosome: Four W22 families from r’r’é x T2-10a R'/r'? 
matings were scored for semisterile and normal plants, by pollen examination. 
The normal plants were crossovers between the breakage point in T2—10a and 
the R locus, and thus carry an R’ allele which has been returned from a trans- 
located to a structurally normal chromosome. Representatives of the two classes 
of individuals then were testcrossed on the W23 r’r’ strain. The scores for the 
resulting colored kernels are summarized by families in Table 4, and are sta- 
tistically evaluated in Table 5. The pooled mean aleurone color score for the 12 
crossover R’r’ plants is 6.62, as compared with 6.53 for the 17TR’/r’ individuals 
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TABLE 2 


Aleurone color scores of R'r®r& kernels following testcrosses on r®r® females of 
R'/R® and R'/r* plants 











ror99 XR'R'S rerI9 XRr*s 

Male parent Color score Male parent Color score 
45-438-2 5.52 45-439-1 5.49 
-3 4.98 4 6.18 
-+5 5.25 -11 5.43 
-8 5.06 -12 5.89 
-9 5.18 —16 6.11 
Mean 5.20 Mean 5.82 
45-445-8 5.47 45-446-16 5.79 
~9 5.09 -17 5.85 
—11 5.31 —20 5.99 
-12 5.32 -21 5.89 
—14 5.40 -22 5.97 
Mean 5.34 Mean 5.90 
45-4495 5.72 45-450-5 5.56 
—11 5.21 —7 5.71 
~14 5.43 -12 5.35 
-19 5.17 —13 5.37 
—21 5.33 —14 5.47 
Mean 5.37 Mean 5.49 
Pooled mean 5.30 Pooled mean 5.74% 





tested. The difference in average score is small and, as reference to Table 5, lines 
11 and 12, will show, is not significant statistically. Thus the enhanced pigment- 
producing action characteristic of R’ when carried by the structurally modified 
chromosome is retained following return of R* to a structurally normal 
chromosome. 

The TR’/r’r? and crossover R’/r’r? testcross kernels also are significantly 
darker, on the average, than the R’r’r’ kernels from control r’r?? Xx R’r’ matings 
(see Table 5, lines 9 and 10 and lines 13 and 14). These results are in agreement 
with the data presented earlier showing that R’ action is enhanced when the R’ 
allele is carried by a T2—10a chromosome. 

Tests of the offspring from a T2-10a R'/r"? X R'R'é mating: A more closely 
controlled comparison of the pigment-producing action of R’ in a T2-10a and a 
structurally normal chromosome 10 was sought by testing T2-10a R’/R’ plants 
resulting from a T2-10a R’/r’? X R'R'é mating. The R’R’ plant used in the 
latter cross was from a W22 stock culture. 

The ear immediately resulting from the T2-10a R’/r’? X R’R’é mating bore 
two classes of kernels in about equal numbers. One class of seeds was self-colored 
(R'R’R') which, when planted, gave rise to family 45-447, containing TR’/R’ 
and crossover R’/R’ plants. The remaining kernels were mottled (R’r'r’), and 
from them family 45-448 was obtained, comprising R’r’ and Tr’ (crossover) /R’ 
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TABLE 3 


Aleurone color scores of R'rér® kernels following testcrosses on r®r® females of 
the colored aleurone offspring from T2-10a R'/r* plants, selfed 





T2-10a R”/T2-10a R" staminate parents T2-10a R"/r” staminate parents 








Pedigree Aleurone Pedigree Aleurone 

no. color score no. color score 
45-4415 6.87 45-441-12 6.89 
—22 6.81 —14 6.86 
-27 6.89 24 6.89 
—39 6.78 —25 6.98 
. —28 6.80 
Mean 6.84 Mean 6.88 
45-442-3 6.10 44—442-2 6.53 
—30 6.81 —4 6.89 
—33 6.70 -9 6.81 
—14 6.58 
-22 6.95 
Mean 6.54 Mean 6.75 
45-443-3 6.77 45-4434 6.96 
—15 6.84 5 6.94 
—30 6.86 -8 6.82 
-12 6.89 
-~29 7.00 
Mean 6.82 Mean 6.92 
45-4444. 6.79 45-4445 6.95 
~9 6.87 —22 6.96 
—34 6.84 —25 7.00 
—36 6.89 -33 6.83 
-38 6.96 -37 6.99 
Mean 6.87 Mean 6.95 
Pooled mean 6.79 Pooled mean 6.88 





individuals. The plants were classified for semisterility by examination of the 
pollen, and representatives of all four classes were then used as males in test- 
crosses on 7’r? females. 

All the R’ male gametes in family 45-448 bore an R’ allele on a structurally 
normal chromosome 10 directly derived from an R’R’ stock culture plant. The 
testcross kernels representing these gametes will be referred to as the controls. 
Half the R’ gametes formed by each plant in family 45-447 were of the same 
origin. The remainder, however, carried an R’ allele descended from the T2—10a 
R'/r’ parent used in the cross, and thus were either noncrossovers (TR’) or 
crossovers into a structurally normal chromosome 10 from T2—10a (crossover 
R’). The aleurone color scores for each of the 45-447 plants entered in columns 
2 and 4 in Table 6, where the results of the experiment are summarized, are 
averages, therefore, of the effects of the R’ alleles derived in equal numbers from 
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TABLE 4 


Aleurone color scores of R'r®r® kernels following testcrosses on r®r® females of 
the colored aleurone progeny from r'r*? x T2-10a R'/r* 8 matings 








Semisterile staminate parents Normal (crossover) staminate parents 
Pedigree Aleurone Pedigree Aleurone 
een Ey no. ~~ color sc ore no. color score 

4543427 6.32 4543445 6.73 
—32 6.30 —48 6.19 

—65 6.25 
Mean 6.29 Mean 6.46 
45-435-2 5.93 45-435-31 6.08 
—29 6.29 54 6.18 

—33 6.07 

-52 6.25 

—53 5.91 
Mean 6.09 Mean 6.13 
45—-436-12 6.78 45-436-5 6.79 
—21 6.88 —7 6.71 
—24 6.94 -22 7.00 
—37 6.82 —25 6.84 
—51 6.87 —30 6.67 
49 6.86 
Mean 6.86 Mean 6.81 
45-437-22 6.78 45-437-41 6.81 
—31 6.79 53 6.57 

—51 6.94 

—56 6.81 
Mean 6.83 Mean 6.69 
Pooled mean 6.53 Pooled mean 6.62 





two sources, only one of which would be expected to be associated with enhanced 
R’ action. A statistical analysis of the data is presented in Table 7. 

Reference to columns 1 and 2 in Table 7 shows that the mean color scores from 
the two classes of testcross kernels representing the control R’ gametes (derived 
originally from the stock R’R’ parent) are 5.46 and 5.50. The difference between 
these two values is very small, and is not significant statistically. Thus there is no 
evidence that the T2—10a reciprocal translocation in repulsion with R’ for one 
generation has any effect on the pigment-producing action of the R’ allele. 

The average aleurone color scores for the testcross kernels from TR’/R’ and 
crossover R’/R’ male parents, as listed in columns 3 and 4 of Table 7, are 5.76 
and 5.87. These values do not differ significantly from each other. Both scores, 
however, are significantly higher, at the five percent level, than the scores for the 
control kernels tabulated in columns 1 and 2. At the one percent level of signifi- 
cance, on the other hand, the kernels from the r*r?? X R’r’é control testcrosses 
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TABLE 5 


Statistical summary of the data relating to R® action in the T2-10a reciprocal translocation 






































45 series Pooled t Prob- Evaluation 
Line Comparison family nos. mean Df. value ability of difference 
1 R’Rr (control) 438, 445, 449 5.30 
2 Rrr* (control) 439, 446, 450 5.74 28 5063 <.01 © significant 
3 T2-10a R*/T2-10aR* 441, 442, 443,444 6.79 
4 T2-10a Rt/rr 441, 442, 443,444 688 33 1.616 >.05  notsignificant 
5 T2-10aR’/T2-10aR" 441, 442, 443,444 6.79 
6 Rr’r* (control) . 439, 446, 450 5.74 28 11.93 <.01 significant 
7 T210a R*/r’ 441, 442, 443,444 6.88 
8 Rrr* (control) 439, 446, 450 5.74 33 16.52 <.01 significant 
9 T2-10a R*/r* 434, 435, 436,437 653 
10 R’r’ (control) 439, 446, 450 5.74 30 6.78 <.01 significant 
11. T2-10a R*/r* 434, 435, 436,437 6.53 
12 Crossover R'/r* 434, 435, 436,437 662 27 .67 >5 not significant 
13 Crossover R’/r* 434, 435, 436,437 6.62 
14 Rr’r* (control) 439, 446, 450 5.74 25 7.90 <.01 significant 
TABLE 6 
Aleurone color scores of R'r®r& kernels following testcrosses on r®r® females of 
the offspring from a T 2-10a R'/r* X R*R® mating 
Family 45-447 (from self-colored seed) Family 45-48 (from mottled seed) 
TR'/R’ Crossover R™/R’ Tr’ (crossover/R") Rrrr 
Plant Aleurone Plant Aleurone Plant Aleurone Plant Aleurone 
no. color score no. color score no. color score no. color score 
1 5.79 13 5.84 13 5.34 2 5.95 
3 5.83 18 6.12 14 4.99 3 6.09 
6 5.50 30 5.96 15 5.44 10 5.49 
23 5.66 32 5.71 32 5.47 14 5.35 
35 5.93 45 5.85 39 5.50 16 5.39 
41 5.82 56 5.71 50 5.82 25 5.21 
48 5.66 Bs She 51 5.50 26 5.47 
53 5.88 ae a 62 5.65 28 5.10 
ie nee ae Pe - a 66 5.46 
Mean 5.76 Mean 5.87 Mean 5.46 Mean 5.50 





(column 2) and those from the r’779 x TR’/R’S mating (column 3) cannot be 
adjudged to differ significantly in aleurone color score. 

When due allowance is made for the fact that in half the cases the R’ allele 
represented in the mean scores for the kernels from testcrosses on rr? females of 
TR’/R’ and crossover R’/R’ males was derived from an R'R’ stock culture plant, 
and thus would be expected to be equivalent in action to a control R’, the weight 
of evidence from this experiment favors the conclusion that R’ action is enhanced 
when the allele is carried by, or passed through, a T2-10a chromosome. The 
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validity of this conclusion is more clearly evident when the data presented in the 
section following also are considered. 

The progeny from r*r*? xX T2-10a R'/R'é testcrosses: Casual inspection of the 
testcross ears resulting from the above mentioned r’r?? xX T2-10a R‘/R'é mat- 
ings showed the presence of two more or less overlapping classes of kernels, dark 
and light. This fact suggested a means of testing the validity of the conclusion 
stated in the preceding paragraph. If, on the average, the T2—10a R’ gametes from 
a T2-10a R’/R’ plant exceed the R’ gametes in pigment-producing potential then 
the darker kernels from a testcross ear, when grown out, should give a pre- 
ponderance of semisterile, and the lighter kernels an excess of fertile, plants. 
This progeny test was applied to the testcross offspring of six of the plants listed 
in column 1 of Table 6. Many of the kernels in each ear population were readily 
classified as dark or light. After these were separated the indeterminate ones, 
in the middle range of pigmentation, were arbitrarily distributed so as to equalize 
the frequency of the two groups. The plants grown from the two categories of 
seeds were classified for semisterility by inspection of the mature ears. 

The results of this experiment are summarized in Table 8. The dark kernels 
yielded a total of 188 semisterile and 92 normal plants, whereas the light kernels 
gave 79 semisteriles and 197 normals. It is clear from the results of this test that 
the T2-10a R" gametes from T2-10a R’/R’ plants are higher in pigment- 
producing potential, on the average, than the sister R’ gametes. 

Tests of the offspring from an R®r'? X T2-10a R'/r"é mating: Additional, 
critical evidence that enhancement of R’ action occurs after introducing R’ into, 
or passing the allele through, a T2—10a chromosome is afforded by an analysis of 
the progeny from an R¢r" x T2-10a R’/r* mating. The RF? allele is one of a series 
of ten R’ mutants derived from standard R’ in the W22 inbred line. Brinx, 
Brown, Kermicie and Weyers (1960) found these R? mutants indistinguishable 
from standard R’ in aleurone pigment production and in sensitivity to paramuta- 


TABLE 7 


Ranked aleurone color scores of R'r®r® kernels following testcrosses on r®r® females of 
the offspring from a T2-10a R"/r'Q xX R'R' S mating 








Tr’ (crossover/R’) RR TR'/R Crossover R'/R* 
f 45-48 45 -+47 77 
(mottled seed) (mottled seed) (self-colored seed) (self-colored seed) 
Column 1 2 3 4+ 
Ranked mean score 5.46 5.50 5.76 5.87 
Number of plants 8 9 8 6 














Any two means not underscored by the same line are significantly different at the one percent level. Any two means 
underscored by the same line are not significantly different. The comparison is based on Duncan's multiple range test for 
group means with unequal numbers of replicates. . a: : coos 

At the five percent level of significance the middle bar, above, would be omitted. According to this less exacting criterion, 
therefore, cach of the means in columns 1 and 2 is significantly different from each of the means in columns 3 and 4. 
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TABLE 8 


Distribution of semisterile and normal plants reared from dark and light kernels, respectively, 
on r8r£9 XX T2-10a R'/R* 8 testcross ears 








Dark kernels Light kernels 
Pedigree no. Semisterile Normal Semisterile Normal 
45-447-1 34 12 17 29 
-3 28 12 19 27 
—23 36 13 11 33 
-35 34 15 11 38 
—44 25 22 12 34 
48 31 18 9 36 
Total 188 92 79 197 





tion in heterozygotes with the stippled allele (R’R*'). They differ from standard 
R’, however, in giving green, rather than red, seedlings. Such a marked R? 
allele, carried on a structurally normal chromosome 10 may be used, therefore, 
as a direct control in testing for enhancement of R”’ action in a translocated 
chromosome in the same individual. The procedure followed in making a com- 
parison of this kind may be illustrated by an r’r?2 xX T2-10a R’/R’S testcross. 
The kernels resulting from the testcross are numbered individually, scored for 
aleurone color, and then identified as to R’r’r? or R%r’r? by sprouting and record- 
ing seedling color. This general plan was followed in evaluating the pigment- 
producing action in testcross on rr? females of the R’ and R? alleles in the forms 
in which they emerged from all six classes of offspring (including two crossover 
genotypes) from the Rr’ x T2-10a R’/r’ cross. 

The similarity in aleurone pigment-producing action of R° and standard R’, 
when each is carried by a structurally normal chromosome 10, is attested by the 
data in Table 9. Four R’R? plants, resulting from crosses between R’R’ and RR’ 
stock cultures, were testcrossed on r’r? females. The resulting kernels were scored 
individually for aleurone color, and were then identified as R’r’r? or R%r’r? by 
the seedling test. The mean aleurone color score for the R’r’r? testcross kernels 
was 5.36, and that for the R%r’r? class was 5.53. The score for the R@r’r’ kernels 
is the higher value, and the difference, 0.17 units, is on the borderline of sig- 


TABLE 9 


Aleurone color scores of R'r®r® and R®,rér® kernels following r®r®Q xX RRS, 3 
testcrosses (W23 r®r® x J 82) 








Aleurone color score 
Plant no. R’rorg Ro ord 
2 §.33 5.67 
5.43 5.50 
4+ 5.21 5.45 
11 5.45 5.50 


Mean 5.36 5.53 
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nificance at the five percent level. Even if the higher score of R? is not attributable 
to sampling alone, however, the usefulness of R? as a control allele is not thereby 
impaired, because the question at issue in the present experiment is whether the 
other allele, R”, under certain conditions, exceeds R? in aleurone pigment-produc- 
ing action. 

The results of the testcross on r’r? females of the six kinds of offspring from the 
R’r* x T2-10a R’/r” mating are assembled in Table 10. A statistical evaluation 
of the data is presented in Table 11. 

It will be observed from Table 11 that the aleurone pigment-producing po- 
tential of R? gametes from the four classes of plants, R?/Tr’, TR’/R’, R?R?, and 
Rér’, within sampling limits, is the same. In all these cases R? is borne on a 
structurally normal chromosome 10. The first two genotypes listed are heterozy- 
gous for the T2~10a reciprocal translocation, but again there is no evidence that 
the pigment-producing action of R? is thereby affected. 

The values for pigment-producing potential of the R’ gametes from all four 
genotypes, TR’/R’, R’R?, R’r’, and TR’/r’, are significantly higher, at the one 
percent level, than those of the R’% controls. Among the four classes of plants 
tested there are two (see columns 6 and 7, Table 11) in which R’ is carried by a 
structurally normal chromosome 10, as a result of crossing over in the T2—10a 
R’/r’ male parent between the breakage point in T2—10a and the R locus. The 
aleurone color scores for R’ derived from these crossover individuals are compar- 
able to those for R’ when carried on a translocated chromosome (compare the 
values in columns 6 and 7 with those in columns 5 and 8, Table 11). The evi- 
dence from this experiment agrees, therefore, with that from tests of the same 
point, referred to earlier, that the enhanced action of R’ carried in a T2-10a 
chromosome persists after the allele is returned to a normal chromosome 10 by 
crossing over. 

The data in Tables 10 and 11 bring to light another important fact, namely, 
that passing a T2-10a R’ chromosome through a heterozygote with R? on a 
structurally normal chromosome significantly reduces the aleurone pigment- 
producing potential of the R’ allele, as compared with passage of T2—10a R’ 
through a T2—10a R’/r’ plant. As shown in column 8 of Table 11, the R’r’r’ 
testcross kernels from r’r9? X T2-10a R’/r’é matings gave a score of 6.96 for 
aleurone color. The corresponding value following r’r?2 x T2-10a R’/R? mat- 
ings, on the other hand, is 6.18. The numbers of plants of the two kinds tested 
were 10 and 14, respectively, and the difference between the two mean scores for 
aleurone color, 0.78 units, is statistically significant at the one percent level. 
A somewhat smaller difference in score, and again in the same direction, is 
evident when the results of pollinating 7’7? females with pollen from the few 
crossover R’/R’ and crossover R’/r’ plants are compared (see columns 6 and 7, 
Table 11). Any doubt as to the reality of this peculiar interaction between A’ 
and R? (or R’) in TR’/R? (or TR’/R’) plants is dispelled when consideration is 
given to the further fact, to be discussed in the article following, that the sensi- 
tivity of R’ in a translocation chromosome to paramutation in heterozygotes with 
the stippled allele is similarly affected. 
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TABLE 10 


Aleurone color scores of R'r&r& and R&,r&r& kernels following testcrosses on r®r® females of the 
TR'/r', R&,/r™, TR'/RE,, and R'R&, offspring from a R®,r" X T2-10a R*/r* 
mating Family 45-763 





























R'r9r® testcross kernels Ror%r9 testcross kernels 

Male Plant Male Color Male Plant Male Color 

Line genotype no. gamete score genotype no. gamete score 
1 TR*/r" 1 TR 697 Ro,rr 8 Ro, 5.63 
2 TR*/r* 14 TR’ 7.00 R9,r* 21 Ro, 5.37 
3 TR*/rt 15 TR’ 6.95 R9,r7 28 RY, 5.07 
+ TR*/r* 19 TR’ 6.97 R9,r" 29 Ro, 5.40 
5 TRr/rt 2% TR 7.00 Ror? 37 RO, = 57 
6 TR’/r" 33 TR’ 6.93 R9,rt 47 Ro, 5.43 
7 TR*/r' 39 TR 6.87 Ro r7 54 Ro, 5.22 
8 TR*/r" 45 TR’ 6.98 R9,r" 59 RY, 5.70 
9 TR*/r* 65 TR’ 6.98 R9,r? 64 Ro, 5.12 
10 TR*/rr 72 ‘Rr 697 Ro,rt 66 R%, 5.28 
11 TR’'/r' Mean TR’ 6.96 R9,r? Mean R9, 5.34 
12  TR*/Ro 4  TRr 6.08 TR’/R9, 4 Ro, 5.22 
13 TR*/Ro 6 TR 655 TR’/R®, 6 Ro, 5.38 
14 TR’'/R9 18 TR’ 5.43 TR’/R9, 18 Ro, 5.05 
15 TR*/R9 22 TR 5.78 TR*/R9, 22 Ro, 5.10 
16 TR'/RI 32 TR’ 6.28 TR*/R9, 32 R9, 5.30 
17 TR*/Ro 34 TR 658 TR*/R®, 349, 5.37 
18 TR*/R9 41 TR’ 6.12 TR*/R9, 41 Ro, 5.32 
19 TR'/R9 42 TR 5.87 TR‘/R9, 42 Ro, 5.27 
20 TR*/R9 46 TR’ 6.73 TR*/R9, 46 R9, 5.70 
21 TR*/R9 51 TR’ 5.98 TR*/R9, 51 Ro, 5.02 
22 TR*/Ro 55 TR 6.45 TR*/R®, 55 = RO, = 5.43 
23 TR*/R9 56 TR’ 5.88 TR‘/R9, 56 Ro, 5.15 
24  TR*/Ro 62 TR 6.48 TR*/R9, 62 R92, 5.05 
25 TR*/R9 71 TR’ 6.37 TR’/R9, 71 R9, 5.25 
26 TR*/R9 Mean TR 6.18 TR‘/R9, Mean Ro, 5.26 
27° Rerr 16 Rr 6.87 Ro,/Tr? 30 «RO, = 5.2 
28 Rerr 25 Rr 6.88 Ro,/Tr* 35 R= 5,32 
29 Rrrr Mean Rr 6.88 Re firr Mean R9, 5.22 
30. -Rt/Ro, 17. Rt 6.17 RrR9, 17 RO, 45.38 
31 -Rt/Ro, 23 RF 6.47 RrRO, 23 RM, (5.35 
32 —-RY/Re, 31. oR 5.95 RrR9, 31 «RY, = 5.20 
33 -Rt/Re, 43. RF 6.53 RrR, 43 R9, 5.28 
34 Rt/Ro, 67s Rt 6.33 RrRO, 67 RO, = 5.27 
35 Rr/R9, Mean Rr 6.29 RR, Mean Ro, 5.30 





Lag in the change in R' action following introduction of the allele into T2-10a 
from a structurally normal chromosome 10: Mention was made earlier that the 
T2-10a R’/r’ plants used in the present study were taken from a W22 stock 
culture which had been maintained in that form for at least two generations by 








'~ 
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TABLE 11 


Ranked aleurone color scores for R'r®r® and R®,r®r kernels following testcrosses on r®r® females 
of the offspring from an R®,r°Q X T2-10a R"/r* 8 cross. Family 45-763 

















Male parent Re/Trr TR’/Re, RrRe, Re,ry =TR/Re, RRs, Rrrr TR /rv 
Male gamete Re, Re, Re, Re Tar Rr Rr TR 
Ranked mean score 5.22 5.26 5.30 5.34 6.18 6.29 6.88 6.96 
No. of plants 2 14 5 10 14 5 2 10 
Column 1 2 3 4 5 6 7 8 
Any two means not underscored by the same line are significantly different at the one percent level. Any two means 


underscored by the same line are not significantly different at either the one percent or five percent levels. Comparison 
sed on Duncan’s multiple range test for group means with unequal numbers of replications. 
* Crossovers of R’ from T2-10a to a structurally normal chromosome 10. 


recurrent matings of T2-10a R’/r’ individuals to r’r” females after introduction 
of the R’ allele into the translocation by crossing over in T2—10a r’/R’ plants. 
The evidence now to be presented shows that the enhancement of R’ action is 
not detectable in the first generation following the change in spatial relations of 
the chromosome segment bearing the R’ allele and, hence, must be acquired later. 

Three families were grown from the colored seed produced following r’r7? X 
T2-10a r’/R’ matings. The plants were classified for semisterility by pollen 
examination. Several semisterile TR’/r’ (crossovers between T2—10a and R’) 
and normal R’r’ plants in each family were then used as male parents in test- 
crosses on r’r? females. The aleurone color scores for the kernels obtained from 
the two kinds of matings are summarized in Table 12. 

It is apparent from the data that the TR’/r’r? kernels resulting from the three 
groups of testcrosses involving T2—10a R’/r’ male parents are no darker than 
the R'r’r’ kernels obtained following the respective r’r72 xX R’r’é sib matings. 
In other words, no enhancement of R’ action is shown in the first generation after 
transfer of the allele from a structurally normal chromosome 10 to T2—10a. 

Thus, there is a lag in the change of R” action in both directions. The allele 
does not show enhanced aleurone pigment formation immediately on being intro- 
duced into the reciprocal translocation, but once enhancement is established the 
condition persists for at least one generation following return by crossing over 
from a T2-10a to a structurally normal chromosome. Further data on the lag 
phenomenon are not available at this time. 

Enhancement of R" action in T4—10b plants: The breakage point in chromo- 
some 10 in the T4—10b reciprocal translocation is near, but not identical with, 
that in T2—10a and, as in the latter case also, is proximal to the R’ locus. The two 
reciprocal translocations are quite unlike, however, in that the R’-bearing seg- 
ment of chromosome 10 is transferred to chromosome 2 in the one case and to 
chromosome 4 in the present instance. It is a significant fact that R’ action is 
enhanced by the T4—10b structural alteration, as by T2—10a. 

The T4-10b R’/r’ plants tested had been maintained as heterozygotes of this 
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TABLE 12 


Aleurone color scores of R'r®r® kernels following testcrosses on r®r® females of R'r™ control plants 
and newly arisen T2-10a R'/r* crossover sibs from r*r*? 9 * T2-10ar*/R*® 8 matings 








R’r? males (control) T2-10a R"/r’ (new crossovers) 
Pedigree Aleurone Pedigree Aleurone 
no. color score no. color score 
45-749-5 5.54 45-749-34 5.03 
—10 5:43 —54 5.05 
—60 5.03 -65 5.05 
-73 5.13 -71 5.11 
—77 5.05 —76 5.03 
Mean 5.18 Mean 5.05 
45-751-28 5.00 45-751-17 5.03 
—33 5.05 —31 5.04 
—38 5.05 —56 5.00 
-61 5.01 -68 5.00 
-65 5.03 —73 5.01 
—71 5.00 —76 5.00 
-97 5.01 —-81 5.05 
-99 5.03 
Mean 5.02 Mean 5.02 
45-753-11 5.19 45-753-2 5.04 
—14 5.33 -6 5.00 
—26 5.00 —21 5.01 
—30 5.03 -29 5.39 
-31 4.99 —40 5.04 
—32 5.00 
—46 4.98 
Mean 5.07 Mean 5.10 





kind for two generations following introduction of the standard R’ allele into the 
reciprocal translocation by recurrent matings to r’r’ individuals. 

Six progenies from such T4—10b R’/r’ plants, selfed, were grown out, and a few 
individuals of each colored genotype were then testcrossed on r’r? females. The 
aleurone scores for the resulting kernels are assembled in Table 13, and a 
statistical evaluation of the results is given in Table 16. The R’r’ controls referred 
to in Table 16 are the same plants as were employed in the experiments with 
T2-10a. 

The pooled mean color score of the kernels from the r’r’? x TR'/TR’S 
matings was found to be 6.24, and that from the corresponding test of TR’/r’ 
plants was 6.74. Each of these values is significantly higher than the score (5.74) 
for the R’r’ controls. (Compare lines 3 and 4, and lines 5 and 6, in Table 16.) 
Thus R’ action is enhanced in both T4—10b R’/T4—10b R” and T4—10b R’/r’ 
plants. The data show, however, that the amount of the enhancement is not equal 
in the two cases, the value for T4-10b R’/r’ being 0.50 units higher. This 
difference is statistically significant at the one percent level (compare lines 1 and 
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TABLE 13 


Aleurone color-scores of R'r®r® kernels following testcrosses on r®r® females of the colored 
offspring from T4-10b R*/r* plants selfed 








T4+-10b R*/T4—10b R* staminate parents T410b R"/r* staminate parents 
Plant Aleurone Plant Aleurone 
7 no. color score no. color score 
45-4654 6.14 45-465-5 6.70 
—10 6.00 -11 6.60 
Mean 6.07 Mean 6.65 
45-466-6 6.57 45-466-5 6.62 
-11 6.69 
—12 6.54 
Mean 6.57 Mean 6.62 
45—467-3 6.24 45-467-1 6.84 
-—13 6.13 
Mean 6.18 Mean 6.84 
45-—468-20 6.10 45-468-8 6.85 
—14 6.79 
Mean 6.10 Mean 6.82 
45-469-5 6.17 none 
-6 6.53 
Mean 6.35 
none 45-470-3 6.91 
-19 6.88 
Mean fe ve 6.89 
Pooled mean 6.24 Pooled mean 6.74 





2, Table 16). A much smaller, but statistically nonsignificant difference in the 
same direction was observed in the corresponding comparison with T2—10a 
plants (see lines 3 and 4, Table 5). 

Pigment-producing action of R* carried by structurally normal chromosomes 
derived by crossing over in the T4—10b R'/r" parent: Plants in four progenies 
grown from the colored seed from r’r’? X T4—10b R’/r"? matings were classified 
for semisterility by pollen examination. Representatives of the two classes of in- 
dividuals present, T4-10b R’/r’ and crossover R’/r’, were then testcrossed on 
r’r? females. The scores for the resulting colored kernels are brought together in 
Tables 14 and 16. 

The pooled mean color index for the kernels resulting from the r’r7? x T4—10b 
R/r* 8 testcrosses is 6.26. The corresponding value for the crossover R’/r’ male 
parents is 5.93. The latter mean color index possibly is significantly less than the 
former (compare lines 11 and 12, Table 16). The first mentioned value appears 
to be significantly higher than that for the control kernels (compare lines 7 and 
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TABLE 14 


Aleurone color scores of R'r®r® kernels following testcrosses on r®r® females of the colored 
aleurone offspring from r*r°Q X T4-10b R'/r* $ matings 





Semisterile staminate parents Normal (crossover) staminate parents 





Plant Aleurone Plant Aleurone 
no. color score no. color score 
45-455-6 5.99 45-455-11 5.97 
-16 5.92 
Mean 5.95 Mean 5.97 
45-456-19 6.08 45—-456-11 5.96 
48 6.13 —57 5.87 
-65 6.05 
Mean 6.10 Mean 5.96 
45-457-7 6.59 none 
—10 6.39 
—20 6.43 
Mean 6.47 
45-458-20 6.55 45-458-22 5.80 
Mean 6.55 Mean 5.80 
Pooled mean 6.26 Pooled mean 5.93 





8, Table 16), whereas the second is not significantly greater than the index for the 
controls (compare lines 9 and 10, Table 16). 

A few of the crossover R’/r’ plants used in the above experiment were self- 
pollinated, and the R’R’ and R’r’ offspring were then testcrossed on r’r? female. 
The aleurone color indexes of the resulting kernels are assembled in Table 15 and 
are statistically evaluated in Table 16. It will be noted that the pigment-producing 
potential of the R’ male gametes from both the R’R’ crossover homozygotes and 
the crossover R’r’ heterozygotes, which do not differ significantly from each 


TABLE 15 


Aleurone color scores from R'r®r® kernels following testcrosses on r®r& females of the R'R' and 
R'r* offspring from selfed R'r® (crossover) progeny of selfed T4-10b R"/r" plants 








RRS Rreg 
Plant Aleurone Plant Aleurone 
no. color score no. color score 

45-471-19 6.48 45-471-4 6.90 
-22 6.71 —472-5 6.79 
—472-11 6.47 -12 6.56 
—473-7 6.69 -19 6.73 
-10 6.52 —473-6 6.92 
-8 6.55 


Mean 6.57 Mean 6.74 
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TABLE 16 
Statistical summary of the data relating to R* action in the T4-10b reciprocal translocation 
4 series Pooled t Prob- Evaluation 
Line Comparison family nos. mean Df. value ability of difference 
1 T410bR*/T410bR‘ 465 to 470 6.24 
2 T410bR*/r* 465 to 470 6.74 16 6.30 <.01 significant 
3 T410bR*/T410bR’" 465 to 470 6.24 
4 Rrr* (control) 439, 446, 450 5.74 21 451 <.01 significant 
5 T410bR‘/r* 465 to 470 6.74 
6 Rrr* (control) 439, 446, 450 5.74 23 13.6 <.01 significant 
7 T410bR*/rr 455, 456, 457,458 6.26 
8 Rr (control) 439, 446, 450 5.74 21 440 <.01 significant 
9 Crossover R'/r’ 455, 456, 458 5.93 
10 Rr (control) 439, 446, 450 5.74 18 1.49 >.1 not significant 
11 T410bR*/r" 455, 456, 457,458 6.26 
12 Crossover R'/r* 455, 456, 458 5.93 11 268 .03 doubtfully 
significant 
13 Crossover R’/R* 471, 472, 473 6.57 
14 Crossover R’/r* 471, 472, 473 6.74 9 1.97 >.05 not significant 
15 Crossover R’/R* 471, 472, 473 6.57 
16 R’r* (control) 439, 446, 450 5.74 18 646 <.01 significant 
17 Crossover R’/r* 471, 472, 473 6.74 
18 Rr (control) 439, 446, 450 5.74 19 8.31 <.01 significant 





other, is significantly higher in each case than that of the control R’ gametes 
(compare line 15 with 16, and line 17 with 18 in Table 16). 

This evidence suggests that the effect of T4-10b is comparable to that of 
T2-10a in effecting an increase in R’ action that carries over into a structurally 
normal chromosome derived by crossing over between the breakage point and 


the R locus. 


DISCUSSION 


The enhancement of R’ pigment-producing action associated with the recipro- 
cal translocations T2—10a and T410b is remarkable in several respects. In the 
first place, the change from the effect of standard R’ is in the direction of increased 
pigmentation. Standard R’r’r? endosperms are darkly mottled, whereas TR’/r*r? 
kernels often are self-colored, or nearly so. Earlier studies (Brink 1956; Brink 
and Weyers 1957) show that the action of R’ invariably is markedly reduced by 
passing the allele through R’R* or R'R”™ heterozygotes. It is evident, therefore, 
that the R’ allele is responsive to changes whereby aleurone pigmentation may be 
depressed to values near zero or raised to a level significantly above that charac- 
teristic of the factor in ordinary W22 stock cultures. 
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The second important fact is that the structural changes that incite enhance- 
ment of R’ action involve chromosome breaks and reunions that are remote from 
the R locus. The observed recombination between T2—10a and T4—10b and R’, 
in each case, averages about nine percent. This figure doubtless is well below the 
normal value, because of the locally depressing effect on crossing over of such 
structural alterations in heterozygous form. These and other linkage data (AN- 
DERSON and Kramer 1954) for the region distal to R’, taken in conjunction with 
LonGLeEy’s (1958) observations on position of the breakage points in T2—10a 
and T4—10b suggest that the stimulus leading to enhancement of R’ emanates 
from a region removed from the latter by at least one tenth the length of 
chromosome arm L10. This relation is reminiscent of the spreading effect first 
reported by Mutter (1930) following euchromatic-heterochromatic transposi- 
tions in Drosophila melanogaster. DEMEREC (1940, 1941) observed that the in- 
version N264—52, involving such a transposition, affected five loci distributed in 
a region represented in the salivary gland chromosome by 50 bands. It is not 
clear, however, how far the analogy extends. Euchromatic-heterochromatic trans- 
positions suppress, in an irregular way, functioning of the wild type loci in the 
vicinity of the breakage point, whereas T2—10a and T4—10b enhance R’ action. 
A more meaningful difference between the phenomena, as known at present, is 
the fact that only in the maize cases does the effect of the structural alteration 
regularly persist in the absence of the inciting factor. This aspect of the problem 
is considered in the paragraph following. 

Retention of the enhancement effect when R’ is returned by crossing over from 
a translocation to a structurally normal chromosome is a distinctive feature of the 
present phenomenon. The data pertaining to T2—10a are unequivocal on this 
point, and those on T410b are suggestive of the same relation. It would appear 
that enhancement involves a change at, or in the vicinity of the R’ locus, which 
then persists after removal from the genome of the inciting factor. The fact that 
enhancement is not detectable in Tr’/R’ plants suggests that the effect of the 
translocations may be transmitted from its place of origin along the same chromo- 
some to the R’ locus but not from an 7’ translocation chromosome (Tr’) to R’ 
situated in a structurally normal homologue. The evidence also implies that the 
intrachromosomal system on which the enhancement of R’ action rests involves a 
functional component much larger than a single locus. 

Persistence of enhanced R’ action following return by crossing over from a 
translocation to a structurally normal chromosome 10 may be the counterpart of 
the lag in manifestation of the increase that occurs after standard R’ is introduced 
into the reciprocal translocation. It is not known how long an enhanced R’ 
allele retains this property in a normal chromosome 10. The evidence shows, 
however, that residence of R’ in a structurally altered chromosome for more than 
one generation is necessary before enhancement can be detected by the experi- 
mental methods employed. Changes in level of R’ activity in response to these 
variations in spatial relations of the R locus may occur progressively during de- 
velopment of the plant, but conditions in the present material are not favorable 
for detecting such action. R’ affects anthocyanin formation in somatic tissues as 
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well as in the aleurone, but the normal expression in stem and leaves beyond the 
seedling stage is so weak in the W22 inbred strain that measurement of changes 
in intensity during this period are not practicable. One is limited to sampling the 
pollen formed in the tassel at the apex of the fully developed plant. This means 
that only the mature individual can be tested for level of R’ activity, and that 
temporal changes can be recorded only in terms of generations of plants. The 
further tests that are needed to determine more precisely the course of change in 
R’ action through a complete cycle from a normal chromosome 10 through a 
translocation chromosome and then back again to a structurally normal chromo- 
some are subject to this limitation in the experimental material. 

_ The significant reduction in the pigment-producing action of enhanced R” 
following passage of a T2~-10a R" chromosome through a T2-10a R’*/R% plant 
(where R is a mutant from R” distinguishable from the latter only in giving 
green rather than red seedlings) is a fact whose meaning is obscure. Unlike the 
enhancing effect of T2—10a on R’, a condition of which appears to be coupling of 
the translocation and R’ in the same chromosome, the moderating effect of R? 
in T2-10a R’/R? individuals is exerted when the operating factors are in repul- 
sion. Seemingly, therefore, this aspect of the phenomenon reflects a variable as- 
sociated with the R locus itself having an interallelic effect. 

It will be recalled that, following testcrosses on 7’r? females, R’ male gametes 
from R'r’ plants resulted in more darkly-pigmented kernels than those from the 
homozygote, R’R’. The difference was small and close to the limit that can be 
resolved by the technique used. Possibly, however, the same process is involved in 
this case as in T2-10a R’/R? individuals, but at a lower level of activity. Further 
analysis is needed to clarify these relations. 

The experimental evidence relating to TR’/R? plants demonstrates, of course, 
that the change in R’ action in a translocation chromosome is at least partially 
reversible, with considerable regularity. The behavior or R’ in this respect is 
comparable to that of paramutant R” in R”R” and Rr’ individuals descended 
from R’R*' plants, except that the alteration in pigment-producing action of the 
allele is in the opposite direction. 

Previous studies (Brink 1956; Brink and Weyers 1957) have shown that the 
R’ allele is highly sensitive to reduction in level of action in response to presence 
in the same nucleus of the stippled (R*') or marbled (R™) alleles. The present 
data demonstrate that R’ action also may be altered, but in the opposite direction, 
with equal regularity by certain structural rearrangements involving the long 
arm of chromosome 10 in which the R locus resides. There is no reason, at present, 
for thinking that the factors inciting the changes in R’ in the two cases are alike. 
The component at the R locus that is affected, however, may be the same in both 
instances. The evidence for this view includes that given in the following article, 
in which it is shown that enhanced R’, unlike standard R’, is comparatively in- 
sensitive to heritable change in heterozygotes with the stippled allele. This inter- 
action suggests presence at, or near, the R locus of a labile chromosome con- 
stituent capable of undergoing directed, heritable changes affecting R’ expression 
in response to alterations of more than one kind, and at more than one site, in the 
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long arm of chromosome 10. What these regional effects on R’ action mean, in 
terms of chromosome organization, is one of the significant questions posed by 
the paramutation phenomenon. 


SUMMARY 


1. The two reciprocal translocations, T2-10a and T410b, whose effects on 
aleurone pigment-producing action of the R’ allele in maize were tested in the 
present experiments, had previously been shown by LoncueEy (1958) to involve 
breakage and rejoining of the chromosomes as follows: T2—10a (2L.17 and 
10L.53); T4-10b (4L.18 and 10L.57). The R locus is known to lie between .57 
and .92 on the long arm of chromosome 10, and may not be far from .7. Thus 
the breakage points in both reciprocal translocations studied are proximal to the 
R locus, and are removed from the latter by amounts at least equal to one tenth 
the L10 arm length. In the W22 inbred strain employed in the tests, recombina- 
tion between the R locus and the reciprocal translocations was found to average 
approximately nine percent in each case. This is a minimal value because of the 
reduction in crossing over locally in maize translocation heterozygotes, in 
general. 

2. The aleurone pigment-producing action of R’ is significantly enhanced 
when the allele is carried in a T2—10a chromosome. This fact is demonstrable in 
testcrosses on 7’r? females of T2-10a R’/r’ plants from a stock which has been 
maintained in this form for at least two generations by recurrent matings to 
r'r’ females following introduction of R’ into the reciprocal translocation by 
crossing over in T2—10a r*/R’ individuals. 

3. Enhancement of R’ action was not detectable in the immediate T2—10a 
R'/r’ crossover offspring from an r’r’? xX T2-10a r’/R’ mating, when testcrossed 
on r’r? females. Thus there is a lag in the acquisition by R’ of increased pigment- 
producing action following transfer of R’ from a structurally normal to the trans- 
located chromosome. 

4. Tests with T2-10a r’/R’ plants gave no evidence that R’ action is enhanced 
when R’ and the reciprocal translocation are in repulsion for one generation. 

5. The level of enhancement was found to be the same, within sampling 
limits, in testcrosses in r’r? females, of structurally homozygous (T2—10a R’/ 
T2-10a R’) and structurally heterozygous (T2—10a R’/r’) plants. 

6. An R’ allele that has been carried for at least two generations in a T2—10a 
chromosome and then is returned to a structurally normal chromosome, by cross- 
ing over, retains its enhanced aleurone pigment-producing action. This fact shows 
that enhancement is not due to position effect of the conventional kind. Evidently 
a change occurs at or near the R locus when the allele is present in a translocation 
chromosome that follows R’ when crossing over into a structurally normal 
chromosome subsequently occurs. 

7. Passage of a T2-10a R’ chromosome through a T2—10a R’/R? individual 
results in a significant reduction in the action of enhanced R’, but not to the level 
characteristic of standard R’ in a structurally normal chromosome 10. The FR? 
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allele used in the test was a mutant from standard R’, at least equal to the latter 
in aleurone pigment-producing action, but distinguishable from R’ in giving 
green rather than red seedlings. This result shows that the effect of the transloca- 
tion on R’ action is at least partially reversible. 

8. Less extensive experiments with T4—-10b suggest that the effect of this 
reciprocal translocation on enhancement of R’ action is similar to that of T2—10a. 
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D ATA presented in the preceding article (Brink and BLackwoop 1961) 
demonstrate that the effect of R’ on aleurone color in maize is enhanced 
when the factor is carried by, or passed through, either of two reciprocal trans- 
locations, T2-10a and T4-10b, involving breaks in the long arm of chromosome 
10 proximal to, but well removed from, the R locus. The change in phenotype is 
from darkly mottled in R’r’r’ testcross kernels to near-self-color in T2-10a 
R’/r’r? and T4-10b R"/r®r? seeds. There is a lag of at least one generation in the 
manifestation of such enhancement after introducing R’ from a stock source into 
a structurally altered chromosome; and the change, once induced, persists for at 
least one generation following return of the allele to a structurally normal chro- 
mosome 10, by crossing over. 

The results summarized in the present report establish the additional fact that 
R’, on thus being changed from the standard to the enhanced form, is much less 
sensitive than a normal R’ allele to reduction in aleurone pigment-producing 
potential in plants heterozygous for the stippled (R**) allele. 


MATERIALS AND METHODS 


The W22 and W23 inbred strains used, and the general procedures followed, 
in testing for and scoring, aleurone pigment-producing action of R’ were closely 
comparable to those described in the preceding article (Brink and BLackwoop 
1961). The T2-10a R’/r’ and T2-10a R*'/r? plants employed had been maintained 
as such by at least two generations of recurrent matings to W22 r’r’ or W22 rr? 
individuals following insertion of the R’ or R* allele into the translocation chro- 
mosome. A single reciprocal translocation, T2-10a, (2L.17 and 10L.53, accord- 
ing to Lonctey 1958) was used in the present experiments. It will be referred 
to in the text as “T.” The pigment-producing action of R’ was measured in seeds 
carrying R’ in single dose, heterozygous for colorless (e.g., R’r’r?). The testcross 
kernels, comprising a random sample usually of 80 from the middle portion of 
the ear, were coded and then scored by matching against a set of standard seeds. 
The grades of the standard kernels varied progressively from 1 (colorless) 
through five levels of mottling to 7 (self-colored). 

Enhanced R’, in the present context, means an R’ allele which by virtue of 


1 Paper from the Department of Genetics, College of Agriculture, University of Wisconsin, 
Madison, No. 825. 
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being carried by, or having been passed through, a T2-10a chromosome, possesses 
a significantly higher aleurone pigment-producing potential than standard R’ 
present in a structurally normal chromosome 10 in a W22 stock culture. Ordi- 
narily, enhanced R’ and standard R’ are distinguishable only when present in 
the aleurone in single dose in R’r'r’ or R'r’r? kernels; R’R'R’ and R'R'r? seeds 
of both classes are self-colored. 


EXPERIMENTAL RESULTS 


Aleurone pigment-producing action of enhanced R' following extraction from 
stippled heterozygotes: Two kinds of control matings were made in the experi- 
ments designed to determine the sensitivity of enhanced R’ to paramutation in 
heterozygotes with the stippled allele. The first control involved testcrosses on 
W23 r°r? females of W22 R’r’ individuals from F, crosses between R’R’ and r’r’ 
stock cultures. As the data in Table 1 show, the average aleurone color index of 
the seeds resulting in this case was 5.19, on the scale mentioned earlier in which 
1 represents colorless and 7 represents self-color. These R’r’r? kernels displayed 
the darkly mottled phenotype characteristic of standard R’ in single dose. The 
second control involved pollination of the same kind of rr? females with pollen 
from F, hybrids between standard R’R’ and R*'R*' plants. The mean aleurone 
color index of the R’r’r’ kernels resulting from these r’r9° xX R’R*'é matings, 
as seen in Table 1, was 2.02. The difference in the scores, 3.17 units, is highly 
significant statistically (compare lines 1 and 2, Table 4) and represents the 
extent to which standard R’, on a structurally normal chromosome 10, is reduced 
in pigment-producing action on being passed through a stippled heterozygote. 

Enhanced R’, on the other hand, following extraction from a stippled hetero- 
zygote, is found to retain strongly its original capacity to form anthocyanin in 
the seed, as the data in Table 2 and the photograph in Figure 1 illustrate. Test- 
crosses on r’r? females were made of the TR’/R* and crossover R’/R*' offspring 
in two families from R*'*R*'? x TR"/r’é matings. The pooled mean aleurone 
color score for the R’rr? testcross kernels from the semisterile (TR’/R*‘) male 
parents was 5.73, and that for the crossover R’/R*' staminate individuals was 


TABLE 1 


Aleurone color scores of R'r&r® kernels following testcross on r®r® females of R'r* 
(standard R* control) and R'RS*t (paramutant R* control) plants 





R’r’ males R'R**t males 





Plant Aleurone Plant Aleurone 
no. color score no. color score 
45-508-6 5.02 45-502-1 1.95 
-8 5.47 -2 2.12 
-15 5.06 -17 2.05 
—16 5.34 -503-9 2.00 
-18 5.06 —10 2.00 


Mean 5.19 Mean 2.02 
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TABLE 2 


Aleurone color scores of R'r&r® kernels following testcrosses on r®r& females of the T2-10a R™/R*t 
and crossover R'/RS* offspring from R*tRst x T2-10a R'/r* matings 








T2-10a R’/R** males Crossover R’™/R** males 
Plant Aleurone Plant Aleurone 
no. color score no. color score 
45-500-12 5.31 45-500-54 5.84 
-30 6.41 
—35 5.65 
-38 5.29 
46 5.86 
Mean 5.70 Mean 5.84 
45-501-1 6.12 45-501-43 5.75 
-5 5.40 -62 5.81 
—22 5.52 
—39 6.00 
Mean 5.76 Mean 5.78 
Pooled mean 5.73 Pooled mean 5.80 





5.80. These two values do not differ significantly from each other (compare lines 
3 and 4, Table 4). Both are significantly higher than the score (2.02) for the 
R’r’r? control kernels from r’r?? x R'R*'é matings (compare lines 5 and 6, 
Table 4). In fact, the score for enhanced R* exceeds somewhat that (5.19) for 
the standard R’r’r? control kernels. It will be seen later (Table 9), however, that 
this latter relation does not hold regularly. 

Two conclusions are derivable from the results of this experiment. First, en- 
hanced R’ carried on a T2-10a chromosome in TR’/R* plants is relatively in- 
sensitive to the strong paramutagenic action ordinarily exerted by the stippled 
_allele in R’R** individuals. Secondly, this relative insensitivity is retained, for at 
least one generation, following return of enhanced R’, by crossing over, from a 
T2-10a to a structurally normal chromosome 10. 

Effect of homozygosity for R" in T2-10a R'/R* plants on sensitivity of en- 
hanced R° to paramutation in the T2-10a R'/R*' offspring from R**R*? xX T2-10a 
R'/R' crosses: The results are presented in Table 3 of testcrosses on r’r? females 
of the two classes of offspring, TR’/R*' and R’R*‘, from R**R**? xX T2-10a R’/R’s 
matings. The TR’/R’ plants in question were the immediate offspring of a cross 
between a stock R’R’ plant and a T2-10a R’/r’ individual carrying an enhanced 
R’ allele. 

It is apparent from the data in Table 3, and from the statistical summary given 
in Table 4, that passage of enhanced R’ carried by a T2-10a chromosome through 
a TR’/R’ individual, just prior to testing in a heterozygote with stippled 
(TR’/R**), markedly increases sensitivity of the allele to paramutation, as com- 
pared with R’ from a T2—10a R'/r’ parent. Testcrosses on r’r? females of TR’/R** 
plants in which R’ was derived from a TR'/r’ parent yielded kernels scoring 
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Figure 1.—Kernel phenotypes on testcross ears following matings on W23 r’r°Q of W22 
T2-10a R’/Rs* (left) and W22 R’R*%t (right) plants. The 50 percent of stippled segregates 
exhibit the same aleurone spotting pattern in the two cases. Comparison of the remaining kernels 
on the two ears shows that, whereas the pigment-producing action of R’ is greatly reduced by 
passage of R” through an R’R%* individual, it remains high in the testcross progeny of a T2-10a 
Rr/Rst plant. 
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Aleurone color scores of R'r&r® kernels following testcrosses on r®r& females of the T2-10a R'/RS* 
and R'/RSt offspring from R*tRst x T2-10a R'/R* matings 





T2-10a R’/R** males 


R'R** males 





Plant Aleurone Plant Aleurone 
no. color score no. color score 

45-504-11 2.09 45-5043 2.84 
—16 2.87 —4 2.59 

—19 2.84 -6 2.06 
—20 4.86 -7 2.00 

—22 4.02 —13 2.17 
—26 2.12 -17 2.49 

—28 2.20 -18 2.49 

—31 2.20 —21 1.99 
—32 1.97 —24 2.07 

-33 3.06 -27 2.04 
—34 3.37 —29 2.42 
Mean 2.87 Mean 2.29 





TABLE 4 


Summary and statistical evaluation of the data in Tables 1, 2 and 3 





Line Comparison 





1 Rrrr (std Rr control) 
2 RrRst (R” control) 





3 T2-40aRr/Rst 

4 Crossover R’™/Rst* 
5 T240aRr/Rst 
6 RrRst (R” control) 








7 T2-10a R’/Rst (ex TR*/R’) 
8 RrR*t (ex TR’/R’) 





9 T2-10a Rt/R*t (ex TR'/r’) 
10 T2-10a Rt/R*t (ex TR'/R’) 


45 series t Prob- Pooled Evaluation 

family nos. D.f. value ability means of differences 

508 5.19 

502, 503 8 338 P<.01 2.02 Highly significant 
500, 501 5.73 

500,501 10 3 P>5 5.80 Not significant 

 _—_ 5.73 

502,503 12 206 P<.01 2.02 Highly significant 

504 2.87 

504 20 20 P>.05 229 Notsignificant 

500,501 5.73 

504 18 182 P>.01 287 Highly significant 





5.73, on the average. The corresponding value in the case in which the TR’ chro- 
mosome was transmitted to the stippled heterozygote (TR’/R*') from a TR’/R’ 
plant was only 2.87 (compare lines 9 and 10, Table 4). The latter score is only 
slightly, and not significantly, higher than that (2.29) given in r’r’ female test- 
crosses of the R’R" sibs also derived from the original R*‘R*'? x TR’/R’é mating 
(compare lines 7 and 8, Table 4). 

These data show that the sensitivity of R’ to paramutation in stippled heterozy- 
gotes, which declines markedly after R’ is inserted in a translocation chromosome, 
tends to be regained on passing TR’ through a plant bearing standard R’ on a 
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structurally normal chromosome 10. The sensitivity of standard R’ in TR’/R’ 
plants seemingly is unaltered, one way or the other. 

Persistence of the translocation effect on R' following return of the allele to a 
structurally normal chromosome 10: Additional data on persistence of the rela- 
tive insensitivity to paramutation in stippled heterozygotes of R’ carried by a 
T2-10a chromosome following return of the allele to a normal chromosome 10, 
by crossing over in a TR’/r’ plant, are summarized in Tables 5 and 6. 

TR’/R* and crossover R’/R* sibs in three families, 45-813, 45-814, and 45-815, 
from R*'R*t x T2-10a R’/r’ crosses were tested on r’r? females. Comparison of 
the aleurone color scores on lines 1 and 2, 3 and 4, and 5 and 6, in Table 6, show 
that, in each case, the pairs of mean values do not differ significantly from each 


TABLE 5 


Aleurone color scores of R'r®r& kernels following testcrosses on r®r® females of the (1) T2-10a 
R'/R&t and (2) crossover R'/RS*t offspring from R*tR8t x T2-10a R"/r* matings 








T2-10a R*/R** males Crossover R™/R** males 
Plant Aleurone Plant Aleurone 
no. color score no. color score 
45-813-15 3.35 45-813-34 955 
-21 3.77 —35 4.07 
—32 2.85 —36 2.83 
-46 2.68 -50 3.45 
Mean 3.16 Mean 3.22 
45-8146 4.00 45-814-48 4.78 
—10 6.22 53 6.28 
—32 4.33 —65 5.93 
-38 4.97 —67 5.85 
49 4.37 -68 5.70 
—50 6.22 -77 5.75 
—64 5.42 
—69 6.05 
Mean 5.20 Mean 5.71 
45-815-10 6.03 45-815-1 4.87 
-17 5.15 -3 5.00 
-23 6.47 —18 4.87 
—33 5.52 —36 4.77 
42 5.85 —41 5.12 
45 6.03 —43 6.42 
—50 6.00 —48 6.35 
—56 5.33 -49 4.43 
—58 4.87 -65 6.58 
-62 5.93 -69 6.03 
—70 5.87 -76 5.27 
-71 3.70 
-75 5.80 


Mean 5.58 Mean 5.43 
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TABLE 6 


Statistical evaluation of the data in Table 5 














: 45 series t Prob- Pooled Evaluation 
Line Comparison family nos. D.f. value ability means of differences 

1 T2-10a R*/Rs* 813 3.16 

2 Crossover R™/Rst 813 6 14 P>5 3.22 Notsignificant 
3 T2-10a R*/Rst 814 5.20 

4 Crossover R’Rs* 814 12 123 F>2 5.71. Notsignificant 
5 T2-10a R’/Rst 815 5.58 

6 Crossover R’/Rst 815 22 56. PSs 5.43  Notsignificant 





other. The findings from this experiment, therefore, confirm those from the test 
on which Table 2 is based. 

It will be noted from Table 5 that the aleurone color scores for the R’r’r? 
kernels resulting from the testcrosses involving TR'/R* and crossover R*/R*' 
plants in family 45-813 are much lower than those for families 45-814 and 45- 
815. There is no clue at present to the reason for the relatively high sensitivity 
of R’ to paramutation in the 45-813 family. In this case, as in the other two 
families, however, noncrossover and crossover R’ alleles react alike when the 
respective stippled heterozygotes are testcrossed on r’r? females. 

Tests of the T2-10a R*/r® and crossover R'/r*® progeny from T2-10a R'/R* x 
r6ré and crossover R"/R*' X r®r® matings: Following extraction of enhanced R’ 
in TR’ and crossover R’ chromosomes from TR’/R* and crossover R"/R*' hetero- 
zygotes, respectively, pigment-producing action of the allele remains at compara- 
tively high levels in the next generation, as compared with that of an R” factor 
derived from an ordinary R’R** plant. 

Two TR’/R** and two crossover R’/R*' plants in families that showed the 
relative insensitivity to paramutation in R*' heterozygotes typical of enhanced 
R’, as disclosed by inspection of the ears obtained following testcrosses on rr? 
females were pollinated by W22r*r? individuals. The offspring were grown out, 
and then were used in testcrosses on rr? females. The aleurone color scores from 
the resulting ears are summarized in Table 8. 

The controls used in this experiment were (1) R’r’ plants from crosses be- 
tween stock R’R’ and rr? cultures, and (2) R’r’ individuals resulting from 
R'R*' X rr? matings. The control plants likewise were testcrossed on r’r? females. 
The aleurone color scores for the kernels obtained are presented in Table 7. A 
summary and statistical evaluation of the data are given in Table 9. 

The average aleurone color score of the standard R’r’r? control kernels was 
5.09. The corresponding value for the paramutant R"r*r? control seeds was 2.88 
(lines 1 and 2, Table 9). The difference in score, 2.21 units, is a reflection, of 
course, of the strongly paramutagenic action of R** on the R’ allele in ordinary 
R'R** heterozygotes. 

The pooled mean score for the kernels resulting from matings of TR’/r? plants 
on rr? females was 5.17, and that of the crossover R’/r? plants, 4.70. These values 
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TABLE 7 


Aleurone color scores of the R'r*r® (standard R* control) and the R'r®r® (paramutant R° control) 
kernels, following testcrosses on r®r® females, of the R'r® and R'r® progeny from 
R'R’ x réré and R'RSt x r8r® matings, respectively 





R’r? (standard R’ control) males R’'r9 (paramutant R’ control) males 





Plant Aleurone Plant Aleurone 

no. color score no. color score 
45-520-5 5.20 45-518-2 1.98 
-6 5.14 5 1.98 
-9 4.99 -7 2.64 
—11 2.22 
—14 2.05 
-15 2.29 
-16 3.45 
—20 2.72 
-21 2.50 
-22 3.08 
Mean §.11 Mean 2.48 
45-5214 5.18 45-519-1 4.44 
-5 5.06 -8 3.71 
-6 4.95 -16 3.28 
-17 3.00 
-18 4.20 
-19 2.41 
Mean 5.06 Mean 3.51 
Pooled mean 5.09 Pooled mean 2.88 





do not differ significantly from each other (compare line 3 with 4, Table 9). 
Likewise, neither differs significantly from the average aleurone color score for 
the standard R’r’r? testcross kernels (compare line 7 with 8, and line 11 with 12, 
Table 9). Both are significantly higher, on the other hand, than the score (2.88) 
for the R”r’r? control testcross seeds (compare line 5 with 6, and line 9 with 10, 
Table 9). 

Examination of the entries in Tables 7 and 8 discloses considerable variation 
in aleurone color scores between testcross ears within each of the groups, includ- 
ing the two controls. Probably much of this variability is the result of differential 
“reversion” of the R” allele toward the standard R’ level of action. Previous 
observations have shown that such partial reversion is characteristic of an R’ 
factor subsequent to passage through a heterozygote with the stippled allele 
(Brink 1958) but the basis of the phenomenon is not known. 

The conclusion to which the results of the present experiment points is that, 
in general, the R’r’ progeny of TR’/R* and crossover R’/R*' plants pollinated 
with rr? individuals retain the higher pigment-producing potential of R’ alleles 


with these histories. 
The paramutagenic action of stippled after insertion of the allele into a T2-10a 
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TABLE 8 


Aleurone color scores of R'r®r® kernels following testcrosses on r®r® females of the (1) T2-10a 
R'/r® offspring from a T2-10a R'™/RSt X r&r& mating, and (2) the R'r® offspring from an 
R'Rst x r&r& mating in which the R'R*t parent was a crossover (nonsemisterile) 
derivative of the initial R*tRst x T2-10a R'/r* cross 








(1) T2-10a R*/r? males (2) Crossover R"/r? males 
Plant Aleurone Plant Aleurone 
no. color score no. color score 

45-5143 5.48 45-516-3 4.95 
—4 5.04 —4 3.94 

-5 5.48 -6 5.01 

-6 6.19 -7 5.39 

-8 6.00 -8 4.39 

-10 6.01 -10 5.04 

-11 5.29 -16 6.24 

-17 5.46 -17 4.29 

-19 4.81 -20 3.25 

—-23 4.14 -21 5.29 

-27 2.78 —23 5.69 

Mean 5.15 Mean 4.86 
45-515-36 5.58 45-517-2 4.10 
—39 5.81 -3 5.01 

—42 6.05 -5 3.98 

—~44 3.22 -8 3.79 

46 3.31 -10 4.29 

47 5.70 -11 4.00 

—51 5.08 -12 3.81 

-56 5.76 -13 6.66 

—57 4.98 -21 4.00 

—60 5.06 -25 4.38 

—62 6.44 -27 5.95 

Mean 5.18 Mean 4.54 
Pooled mean 5.17 Pooled mean 4.70 





chromosome: Insertion of R*‘ into a T2-10a chromosome appears not to affect 
paramutagenic action of the allele in heterozygotes with R’ (R’/TR*). This 
conclusion is supported by the data given in Tables 10 and 11, which are also 
entered, in summary form, in Table 13. 

A comparison was made, in crosses on r’r? females of F, R’R** plants from 
matings between RR’ andR*R* stock cultures, as controls, and R’/TR* indi- 
viduals from R'R’ X TR**/r? crosses. The data in Table 10 show that the mean 
aleurone color scores for two families of R’R** control plants were 3.06 and 2.70, 
respectively. Two families of R’/TR*' plants, similarly tested, gave mean scores 
of 2.35 and 2.67. These two sets of values are not significantly different at the 
five percent level (t = 1.5, 25 d.f.,P > .05). The pooled mean aleurone color 
scores (2.88 and 2.67) in both cases, are far below the value (5.40) obtained 
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TABLE 9 





Summary and statistical evaluation of the data in Tables 7 and 8 





45 series 


Prob- Pooled 


Evaluation 























Line Comparison family nos. D.f. value ability means of differences 
1 Rrr9 (std R* control) 520, 521 ss 5.09 
2 Rrtr9 (R* control) 518, 519 11.0 P<.0i 288 Highly significant 
3 T2-10a R*/r9 514, 515 5.17 
4 Crossover R’/r9 516,517 42 1.7 P>.05 470 Notsignificant 
5 T2-10a R*/r9 514,515 * 5.17 
6 Rrtr9 (R” control) 518,519 36 7.7 P<.01 2.88 Highly significant 
7 T2-10a R*/r9 514, 515 5.17 
8 Rrr9 (std R* control) 520, 521 4 P>.05 5.09 Notsignificant 
9 Crossover R*/r9 516, 517 4.70 
10 Rrr9 (R” control) 518,519 36 66 P<.01 288 Highly significant 
11 Crossover R‘/r9 516, 517 . 4.70 
12 Rrr9 (std R’ control) 520, 521 20 P>.05 5.09 Notsignificant 
* Approximate method. 
TABLE 10 


Aleurone color scores of R'r®r® kernels following testcrosses on r®r® females of two 
F , families of R™RS* plants 








Plant Aleurone Plant Aleurone 

no. color score no. color score 
45-600-61 3.12 45-601-—30 2.73 
—32 3.23 —32 2.83 
-36 3.60 —34 2.77 
-37 2.93 —35 2.63 
—38 3.25 -36 2.68 
—39 2.55 —37 2.43 
—46 2.72 —38 2.80 
Mean 3.06 Mean 2.70 





when standard R’/r? plants are testcrossed on r’r? females (compare columns 2 
and 4 with column 1, Table 13). 

Additional data showing that the stippled allele is strongly paramutagenic 
when carried by a T2-10a chromosome are presented in Tables 12 and 13. The 
test in this case is against enhanced R’ in a TR’ chromosome. In testcrosses on 
rr? females, TR’/r’ plants yielded kernels having a mean aleurone color score 
of 6.93, reflecting the strong pigment-producing action of enhanced R’. The 
corresponding score observed on similarly testing TR’/R* individuals was 4.50. 
The stippled allele when inserted in a T2-10a chromosome, therefore, is para- 


mutagenic in heterozygotes both with standard and enhanced R’. 


Sensitivity of R* to paramutation in R'R*‘ plants homozygous for the T2-10a 














Aleurone color scores of R'r®r® kernels following testcrosses on r®r® females of the 
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R'/T2-10a Rt and R'r® offspring from R*R® X T2-10a R**/r® matings 








Rr/T2-10a R** males Rrr? males 
Plant Aleurone Plant Aleurone 
no. color score no. color score 
45-773-1 2.48 45-773-12 5.45 
—4 2.40 -13 5.30 
5 2.33 -16 5.40 
—10 2.20 -23 5.32 
—14 2.67 —24 5.55 
—32 2.03 -30 5.30 
Mean 2.35 Mean 5.39 
45-7743 3.10 45-7741 5.42 
-6 2.88 -2 5.52 
—10 2.95 —13 5.45 
—11 2.85 -15 5.53 
-18 2.82 —24 5.29 
—25 2.93 -29 5.53 
—27 3.50 —32 5.10 
Mean 3.00 Mean 5.40 
Pooled mean 2.67 Pooled mean 5.40 





Aleurone color scores of R'rr® kernels following testcrosses on r®r® females of the 
T2-10a R*/T2-10a Rt and T2-10a R"/r® offspring from T2-10a R'/r* X T2-10a R**/r® matings 





T2-10a R*/T2-10a R** males 


2-10a R"/r? males 





Plant Aleurone Plant Aleurone 

no. color score no. color score 
45-771-1 4.67 45-771-10 6.98 
—7 4.80 -18 6.82 
-14 4.15 -19 6.95 
Mean 4.54 Mean 6.92 
45-7724 3.65 45-772-8 6.92 
—11 5.00 -12 6.97 
—14 4.68 -13 6.93 
-17 4.32 -18 6.98 
-19 4.13 —23 6.93 
-22 5.03 -25 6.90 
Mean 4.47 Mean 6.94 
Pooled mean 4.50 Pooled mean 6.93 





translocation: The relative insensitivity of R’ to paramutation in R*‘ heterozy- 
gotes is shown by TR’/TR" structural homozygotes, as well as by R’/TR* struc- 


tural heterozygotes. 
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TABLE 13 


Summary of mean aleurone color scores from Tables 10, 11 and 12 





Male genotype used in testcross on r?r9 





Family Rrra RrRst T2-10a R"/r? Rr/T2-10a R** T2-10a R*/T2-10a R** 
Column (1) (2) (3) (4) (5) 
—601 2.70 a te sr 
45-771 ae ee 6.92 ae 4.54 
—772 st eo 6.94 at 4.47 
45-773 5.39 ee. gy 2.35 hy) 
—774 5.40 aa poe 3.00 
Pooled mean 5.40 2.88 6.93 2.67 4.50 





TR’/TR* individuals in two families from TR’/r’ x TR*'/r? matings were 
testcrossed on r’r? females. The mean aleurone color scores, as shown in Table 
12, were 4.84 and 4.50, respectively. These values may be compared with those 
obtained after the corresponding testcross of R’/TR* plants from R’R’ x TR*'/r? 
matings, as entered in Table 11. The mean score in the case of the structural 
homozygote exceeds that for the R’/TR* structural heterozygote by 1.83 units, 
and the difference is highly significant statistically (t = 9.84, 20 d.f., P < .01). 
This difference reflects the comparative insensitivity of R’ in a TR’ chromosome 
to the paramutagenic action of stippled in a chromosome that is structurally the 
same. 

It will be noted also, by comparing columns 2 and 5, Table 13, that following 
testcrosses on rr? females, TR’/TR*' plants gave a much higher score (4.50) 
than did ordinary R’R* individuals (2.88). 

These data show that the effect of T2-10a on sensitivity of R’ to paramutation 
in R*' heterozygotes is not a function of the structural equality or inequality, as 
such, of the chromosomes carrying the respective R’ and R* factors. 


DISCUSSION 


A significant fact brought to light in the present study is that sensitivity of R’ 
to paramutation in R*' heterozygotes is related to the enhancement in pigment- 
producing action that is observed when R’ is carried by, or passed through, a 
T2-10a chromosome, as described in the preceding article (Brink and Brack- 
woop 1961). The relation is borne out by the results of three groups of tests of 
R’ action, briefly summarized in the following paragraphs. 

Testcrosses on rr? females of R’R*' plants from matings between R’R’ and 
R*'R** stock cultures yielded R’r’r? kernels scoring 2.02, on a scale in which 1 
represents colorless and 7 corresponds to full aleurone pigmentation. The cor- 
responding value for TR’/R** individuals, similarly tested, was 5.73. It is evident 
that enhanced R’ is much less sensitive to the paramutagenic action of the stippled 
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allele than is the standard R’ factor. Enhanced R’, however, is not entirely in- 
sensitive to paramutation in stippled heterozygotes. A comparison of TR’/TR* 
and TR’/r’ sib plants (Table 12), for example, in testcrosses on rr’ females, 
gave mean aleurone color scores of 4.50 and 6.93, respectively. 

An additional parallel between the results presented in this article and those 
reported on enhancement in the preceding paper relates to persistence of the new 
property acquired by R’, when in coupling with the T2-10a translocation, after 
the allele is returned, by crossing over, to a structurally normal chromosome 10. 
Just as the enhanced pigment-producing potential of R’ is retained in the im- 
mediate crossover R'/r’ offspring from TR’/r’ individuals, so is R’ compara- 
tively insensitive to paramutation in the crossover R’/R*' progeny from R*'R*' x 
TR’/r’ matings (Table 6). 

Furthermore, when a T2-10a R’ chromosome is passed through an R’ homozy- 
gote (TR’/R") not only is the aleurone pigment-producing action of enhanced 
R’'(TR’) sharply reduced, but the allele also becomes much more sensitive than 
a typical enhanced R’ to paramutation in TR’/R* plants (Table 3). 

These experimental results suggest that enhancement and the relative in- 
sensitivity of R’ to paramutation in TR’/R* individuals reflect a common change 
at, or near, the R’ locus. The change in question occurs in response to some action 
uf the T2-10a reciprocal translocation, the breakage point of which, in chromo- 
some 10, is some nine crossover units removed from the site of the alteration. 
The change at, or near, R’ clearly is not a position effect in the usual sense of the 
term, because the new property persists when R’ is returned by crossing over to 
a structurally normal chromosome and is thus separated from the factor (T2-10a) 
which initially incited the alteration. 

Attention may be called again to the evidence presented in this paper and the 
preceding article concerning the topographical features of R’ enhancement and 
the concomitant decrease in sensitivity to paramutation in R*' heterozygotes. 
The translocation effects a change (enhancement) in R’ potential only when 
T2-10a and R’ are coupled in the same chromosome. Enhancement of R’ does 
not occur when T2-10a and R’ are in repulsion (Tr’/R’), at least for one genera- 
tion. Passage of a T2-10a chromosome carrying enhanced R’ through an R* 
homozygote (TR’/R’), however, reverses to a significant degree the initial effect 
of the translocation. Such partial reversion reflects sensitivity of enhanced R’ 
to an element associated with standard R’ in the structurally normal chromo- 
some 10 present in the same nucleus. The system conditioning R’ pigment-pro- 
ducing potential disclosed by these tests, therefore, involves elements (1) distant 
from each other on the same chromosome and (2) located at, or near, the R’ locus, 
but on two separate chromosomes. 

Insertion of the stippled allele into a T2-10a chromosome appears not to alter 
the paramutagenic action of the factor, as the data in Tables 10 and 11 show. One 
may conclude from this finding that the component of R’ that is sensitive to 
paramutation differs, at least in part, from the factor associated with stippled 
that promotes the heritable change in R’ in R’R** heterozygotes. A partial cor- 
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respondence between the two components in question is implied, however, by 
the previously established fact that in R’R*‘ heterozygotes R’ acquires from its 
stippled partner a limited capacity to promote paramutation when subsequently 
tested in R’*/R’ plants (Brown and Brinx 1960). 

Data have been presented in previous publications supporting the view that 
paramutation in R’R* plants occurs in somatic cells during development of the 
individual, and not at zygotene in meiosis when the two alleles may be supposed 
to conjugate with each other (Brink 1959, 1960). A reciprocal translocation in 
heterozygous condition has a profound local effect, of course, on chromosome 
pairing. There is no evidence, however, that such meiotic irregularities are re- 
lated to the present phenomenon. The fact that enhanced R’ is relatively refrac- 
tory to paramutation in TR’/TR* plants, in which conjugation between the 
chromosomes bearing R’ and R*' presumably is normal, as well as in TR’/R* 
individuals in which chromosome pairing in the R region may be irregular, is 
clear evidence that the effect of T2-10a on R’ action does not involve the meiotic 
process. Persistence of the change induced in R’ by the translocation after R’ 
is returned, by crossing over, to a structurally normal chromosome 10 leads to 


the same conclusion. 


SUMMARY 


The enhanced R’ allele, which is derived from standard R’ by introducing the 
latter into the reciprocal translocation, T2-10a (2L.17 and 10L.53), and is 
characterized by a significantly higher aleurone pigment-producing potential 
than that of standard R’ was found also to be relatively refractory to paramuta- 
tion in heterozygotes with the stippled (R*‘) allele. 

The relative insensitivity to paramutation of enhanced R’ is retained for at 
least one generation following return, by crossing over, from a T2-10a to a struc- 
turally normal chromosome 10. 

Comparative insensitivity of R’ to paramutation is shown both by plants homo- 
zygous (T2-10a R’/T2-10a R**) and heterozygous (T2-10a R’/R*') for the re- 
ciprocal translocation. 

Sensitivity of enhanced R*(T2-10a R’) to paramutation in stippled heterozy- 
gotes is markedly increased by passing a T2-10a R’ chromosome through a T2-10a 
R’/R’ individual. The high potential sensitivity to paramutation in R’R*' plants 
of the R’ allele on the structurally normal chromosome 10, in T2-10a R’/R’ 
plants, appears not to be altered. 

It is concluded that enhancement of R’ action, as reported in the preceding 
paper, and the relative insensitivity of enhanced RA’ to paramutation in stippled 
heterozygotes reflect a common change induced by the T2—10a reciprocal trans- 
location at, or near the R locus, some nine crossover units distant. 

No change in the paramutagenic action of the stippled allele in heterozygotes 
with R’ was observed following insertion of stippled in a T2-10a chromosome. 
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CTION of the R’ allele (colored seed, red plant) in maize is heritably altered 

when R’ is inserted into, and subsequently extracted from, either of two re- 
ciprocal translocations, T2-10a (2L.17 and 10L.53) and T4-10b (4L.18 and 
10L.57), which involve breaks in the long arm of chromosome 10 proximal to, 
and well removed from, the R locus (Brink and BLackwoop 1961; Brink 1961). 
The data summarized in the present report show that comparable changes in R’ 
action also occur when R’ is inserted into the T9—10a reciprocal translocation 
(9L.14 and 10L.92, according to LoncLey 1958) in which the breakage point in 
chromoosme 10 is distal to, and likewise remote from, the R locus. 

The change which R’ undergoes when in coupling with any one of the three 
reciprocal translocations is detectable in two ways. Aleurone pigmenting action 
of the allele is enhanced and, secondly, R’ becomes relatively insensitive to the 
paramutagenic effect of stippled (R*‘). The alteration of R’, thus disclosed, per- 
sists for at least one generation after the allele is returned, by crossing over, to a 
structurally normal chromosome 10. 

The common effects of rearrangements either proximal or distal to R’, and 
disiant from the latter, shows that the intrachromosomal “system” conditioning 
R’ action, as revealed by the present criteria, extends in both directions consider- 


ably beyond the R locus itself. 


MATERIALS AND METHODS 


The 9-10a reciprocal translocation and the various R alleles employed were 
incorporated in the W22 inbred strain, as in previous experiments in this series. 
The T9-10a stock, as originally received from Proressor J. R. LaucHnan, Uni- 
versity of Illinois, carried the linked factors g, (golden-1) and R? (colored seed, 
green plant). During preparation of stocks for the present experiments our stand- 
ard R’ allele was substituted for R’, and g, was removed from the line. Five suc- 
cessive matings of translocation heterozygotes were made to W22r’r’ or r*r? 
stock cultures, and T9-10a and R’ were carried in coupling for two generations 
before the first test of an effect of the structural rearrangement on R’ action 
was made. The R" allele (stippled seed, green plant) and r? (colorless seed, green 
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plant) similarly were obtained in coupling with T9-10a, on the W22 inbred 
background. 

Pigmenting action of the R’ allele, in single dose, was measured in seeds ob- 
tained by testcrossing the several types of R’-carrying parents on r’r? females 
belonging to an unrelated inbred strain, W23. Eighty kernels per testcross ear 
were scored for level of pigmentation by matching each seed against a set of 
standard kernels varying progressively from class 1 (colorless) through four 
grades of mottling to class 6 (self-colored). It should be noted that the number 
of color classes used in the present case was one less than that employed in the 
previous studies on the T2-10a and T4-10b reciprocal translocations (Brink 
and BLackwoop 1961; Brinx 1961). 

T9-10a shows about five percent recombination with the R locus in T/+ plants; 
and the order is centromere—R—T (ANbERSON and Kramer 1954; LAUGHNAN, 
personal communication). Thus the translocation is distal to the R locus and, 
according to LoncLey (1958), involves a break at .92, that is, near the end of 
the long arm of chromosome 10. 

The R locus is known to lie between .57 and .92, and its probable position, as 
estimated from the available linkage data, is near .70. 

The T9-10a reciprocal translocation will be referred to in the text following 


as T. 


EXPERIMENTAL RESULTS 


Pigment-producing potential of the R° allele in the R'r' and R'/r*T9-10a off- 
spring from R'R'? X r™/r*T9-10aé matings: Testcrosses were made on r’r? fe- 
males of R’r’ (control) and R’/r’T sibs obtained by pollinating an R’R’ stock 
culture with r’/r’T individuals. The aleurone color scores for the resulting kernels 
from two families are summarized in Table 1. 

The mean scores for the two groups of seeds resulting from the r’r9? x R'r’é 
matings were 5.02 + .02 and 5.09 + .08, respectively. These values represent the 
level of pigmenting action characteristic of standard R’ on the color scale em- 
ployed. 

The average scores obtained on similarly testing the respective R’/r’T sibs were 
5.06 + .03 and 5.00 + .02. It is apparent from these data that T9-10a in repulsion 
with R’ for one generation in R'/r’T plants has no discernible effect on the pig- 
ment-producing potential of the R’ allele. 

Enhancement of R' action in R'T9-10a/r* plants and comparative insensitivity 
of R' to paramutation in R'T9-10a/R* individuals: The results of testcrosses on 
rr? females of R'T/r’ plants from two families are brought together in the 
columns numbered (1) and (2) in Table 2. The mean scores are 5.94 + .02 and 
5.95 + .01, respectively. The pooled mean, as entered in line 7, Table 4, is 5.95 + 
.01. This value exceeds the score for the control R’r’ kernels (Table 1) by .92 
units, and the difference is highly significant statistically (t = 51, P< .01). It 
may be concluded that the pigment-producing potential of R’ is enhanced when 
R’ is carried by a T9-10a chromosome. 
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TABLE 1 


Aleurone color scores for R'r®r® kernels following testcrosses on r&r® females of R®/r™ and R'/r& 
T9-10a sib plants from R'R* female x r& T9-10a/r* male matings 








Rr/r™ male Rr/ro T9-10a male 
Plant Plant 
no. Color score no. Color score 
(1) (2) 
45-779-1 5.00 45-779-3 4.99 
—4 5.09 -8 5.00 
~7 5.01 -9 5.19 
—11 5.01 -13 5.15 
-17 5.01 -14 5.03 
-18 4.99 -15 5.00 
-16 5.03 
Mean 5.02+.02 Mean 5.06+.03 
45-780-2 5.25 45-780-6 5.04 
—4 5.01 7 5.00 
-13 5.00 -8 4.98 
-9 5.01 
-10 5.00 
-11 5.00 
-14 5.00 
-17 4.98 
Mean 5.09+.08 Mean 5.00+.02 





Enhanced R’, in this structural relationship, also is relatively insensitive to 
paramutation in R*' heterozygotes, as the data on the right-hand side of Table 2 
demonstrate. R’T/R*‘ plants in two families, 45-777 and 45-778, were mated 
with 7’r? females. The resulting kernels, in the two respective groups, gave mean 
aleurone color scores of 4.21 + .22 and 4.46 + .20. The pooled mean score is 
4.30 + .16. Control testcrosses of the type r’r?? X R’R*‘é were not included in 
this experiment. R’/R*'T plants in the two families 45-781 and 45-782, on being 
testcrossed on rr? females, however, gave scores of 2.62 + .15 and 2.44 + .12, 
respectively, with a pooled mean of 2.51 + .09 (line 4, Table 4). The difference 
between the pooled means, 1.79 units, is highly significant statistically (t = 9.89, 
whereas t at the five percent level = 2.08). 

Plant 45-778-13 was a crossover from the R'T/r’ parent in the R*'R**? x 
R'T/r’é mating on which the family was based. It will be noted from the bottom 
line in Table 2 that this R’R*' individual, when testcrossed on a r*r? female, 
yielded kernels giving an average color score of 5.43. This high value indicates 
that the comparative insensitivity of R’ to paramutation in R’'T/R* plants is 
retained, for one generation at least, after the allele is returned, by crossing over, 
to a structurally normal chromosome 10. 

Paramutagenic action of the stippled allele when carried in a T9-10a chromo- 
some: The stippled allele is strongly paramutagenic when carried by a T9-10a 
chromosome in R’/R*'T heterozygotes, as the results in Table 3 illustrate. R’r’ 
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TABLE 2 


Aleurone color scores for R'r®r® kernels following testcrosses on r®r® females of R' T9-10a/r* 
plants from r'r® male X R* T9-10a/r* matings and R' T9-10a/R5* plants 
from R*tRst female x R* T9-10a/r* matings 








Rr T9-10a/r? male Rr’ T9-10a/R** male 

Plant Color Plant Color Plant Color Plant Color 
no. score no. score no. score no. score 
(1) (2) (3) (4) 
45-775-34 5.86 45-776-1 5.99 45-777-1 4.80 45-778-3 4.88 
-36 5.98 -2 5.90 —2 4.67 - 5.30 
-37 5.90 -—3 5.99 -—3 5.27 -6 3.06 
-38 5.99 —+ 6.00 —4+ 4.30 8 4.16 
—-40 5.99 - 5.91 -+ 259 -9 4.69 
—45 6.00 -6 5.96 6 4.63 -10 4.56 
—52 5.98 -8 5.95 —7 5.04 -11 4.03 
53 5.99 -9 5.91 -8 4.07 —-14 4.38 
55 5.86 —11 5.96 -—9 5.13 -15 4.46 
-59 5.90 -16 6.00 -10 5.05 -18 5.14 

-61 5.86 -18 5.86 -12 4.87 

-20 5.99 -13 3.43 

-21 6.00 -19 4.08 

-22 5.86 -20 3.44 

-21 252 

—-22 4.96 

23 2.43 

—-24 4.46 

Mean 5.94.02 Mean 5.95+.01 Mean 4.21+.22 Mean 4.46.20 


45-778-13* 5.43 





* A nonsemisterile (R"R**) crossover from an R**R** 9 X RT/r’ dS mating. 


and R’/R*'T offspring in two families from R’R’? X R**T/r’s matings were 
testcrossed on rr? females. The R’r’ male parents yielded testcross kernels 
scoring 5.02 + .01 and 5.06 + .02, respectively. The corresponding mean values 
from the two groups of r’r7? X R’/R*'T matings were 2.62 + .15 and 2.44 + .12. 
It is evident that stippled, coupled with T9-10a, in an R’/R*'T plant, greatly 
reduces the pigment-producing potential of the R’ allele. 

Plant 3 in family 45-781 carried R*‘ in a structurally normal chromosome 10 
as a result of crossing over in the R*‘T/r’ parent used in the original R’R’? x 
R*'T/r’é mating. This individual gave an aleurone color score of 2.40 in the 
testcross on an r’r? female, a value which is only slightly lower than the mean 
score (2.62) for five R’/R*'T sibs. Similarly plant 13, a crossover in family 45- 
782, produced testcross kernels scoring 2.05, as compared with a mean of 2.44 
for eight R’/R*'T sibs. The scores for both these crossover individuals (R’R*') 
are within the respective ranges of their R’/TR*' sibs (Table 3). There is no 
evidence from this experiment, therefore, that the paramutagenic action of 
stippled is significantly changed when R** is inserted in a T9-10a chromosome. 

Note may be taken at this point of the fact that plant 45-782-4 (Table 3), 
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TABLE 3 


Aleurone color scores for R'rsr® kernels following testcrosses on r®r® females of R'/r™ and R'/Rt 
T9-10a sib plants from an R'R® female x R8t T9-10a/r* male mating 











Rr/r? male Rr/R**t T9-10a male 
Plant Plant 
no Color score no. Color score 

(1) (2) 

45-781-15 5.05 45-781-1 2.80 

-—16 5.00 —13 3.07 

—33 4.99 —14 2.59 

—34 5.03 -32 2.15 

—37 5.03 -35 2.50 

Mean 5.02+.01 Mean 2.62.15 

45-781-3+ 2.40 

45-782-2 5.13 45-782-6 2.43 

-3 5.01 -9 2.74 

—7 5.04 -10 2.35 

—11 5.06 -14 2.03 

-15 2.97 

-18 2.69 

-19 2.03 

-20 2.31 

Mean 5.06+.02 Mean 2.44+.12 
45-782-4* 5.09 45-782-13t 2.05 
* A semisterile (R"/r” T9-10a) crossover. 

+ A nonsemisterile (R"/R*') crossover. 
t A nonsemisterile (R"/R**) crossover. 


which proved to be an R’/Tr’ crossover from the R*'T/r’ male parent, gave an 
aleurone color score of 5.09, in comparison with 5.06 for its four R’r’ noncross- 
over sibs. This observation is in agreement with the data presented in Table 2 
showing that T9-10a in repulsion with R’(R’/Tr’) does not enhance pigment- 
producing action of R’. 


DISCUSSION 


The numerical results obtained in the present study are summarized for con- 
venient reference in Table 4. 

The conclusion of greatest interest to which the data lead is that the effects of 
T9-10a on R’ action are parallel, insofar as common tests have been made, with 
those previously reported for the T2-10a and T4-10b reciprocal translocations 
(Brink and BLackwoop 1961; Brink 1961), even though the breakage point in 
chromosome 10 is distal to the R’ locus in the former case and proximal to R’ 
in the two examples earlier studied. In all instances the breakage points are re- 
moved from R’ by at least one tenth the length of the long arm of chromosome 
10, and this value may be as great as one fifth in the case of T9-10a. 
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TABLE 4 


Summary of the mean aleurone color scores for R'r®r® kernels following testcrosses on r®r® 
females of R*® heterozygotes of different classes and origins 

















Genotype testcrossed No plants Mean 
Line on r?r9 female Parental genotypes testcrossed color score 
1 Rr/rv R'R™ Q X r*/r9 T9-10a 9 5.04.02 
2 Rt/r9 T9-10a R'Rt 2 X r*/r9 T9-10a 15 5.03.02 
S Rrrr R'R’ 9 X r7™/R8t T9-10a 9 5.04.02 
4 Rr/Rst T9-10a R'R’ Q X r*/R8t T9-10a 13 2.51.09 
5 R*/r* T9-10a_ R'R’ 2 X r*/R8t T9-10a 1 5.09 
6 R/Rst RR’ Q X r7/R8t T9-10a 2 2.09.17 
7 R* T9-10a/r" r’r’ 9 X r™/R* T9-10a 25 §.95+.01 
8 Rr T9-10a/Rs? RstRst 9 x r™/Rt T9-10a 28 4.30.16 
9 RrRst RstRst 9 x r™/R* T9-10a 1 5.43 





The following parallel effects of the reciprocal translocations involving chro- 
mosome breakage and rearrangement proximal and distal to the R locus have 
been directly established. (1) R’ pigment-producing action is enhanced after the 
allele has been carried for at least two generations in a T chromosome. (2) En- 
hanced R’ is much less sensitive than standard R’ to paramutation in heterozy- 
gotes with the stippled allele. (3) R’ retains its relative insensitivity to the para- 
mutagenic action of R*‘ when returned from a translocation to a structurally 
normal chromosome, by crossing over. The evidence bearimg on this point in the 
case of T9-10a, is derived from a single plant only (Table 2), but the result may 
be considered decisive in view of the large, and hence easily detectable, decrease 
in pigment-producing action which standard R’ invariably undergoes when the 
factor in this form is passed through an ordinary R’R*' heterozygote. (4) The 
paramutagenic action of R*‘, in heterozygotes with R’, is affected little, if at all, 
by insertion of stippled into a translocation chromosome. 

When standard R’ is changed to the paramutant form, R”, by passage through 
an R’R*' heterozygote, a chromosome component affecting R’ expression at, or 
very close to the R” locus is altered. This conclusion rests on the fact that the 
paramutant phenotype subsequently follows the R” allele in inheritance (Brink, 
Brown, Kermicite and Weyers 1960). Similarly the paramutagenic action of 
stippled rests upon a factor intimately associated with this allele. The experi- 
ments with structurally altered chromosomes 10 show, however, that the system 
conditioning R’ paramutation is not thus localized in its entirety. Other com- 
ponents of chromosome 10, or of the chromosomes with which parts of chromo- 
some 10 have been interchanged in the reciprocal translocations, also are 
involved. 

The segment of chromosome 10 bearing the R’ locus is shifted to chromosomes 
possessing the centromeres of chromosomes 2 and 4, respectively, in the T2—10a 
and T4—10b reciprocal translocations. In the case of T9-10a, however, R’ remains 
in a chromosome bearing the centromere of 10. The common effects of the three 
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structural rearrangements, therefore, cannot be accounted for in terms of shifts 
in position of the R locus relative to the centromere with which it is normally 
associated. 

T2-10a, T4—10b, and T9-10a were used in the present experiments to provide 
rearrangements of chromosome 10 involving breakage points proximal to R’ in 
the first two cases, and distal to R’ in the third, because only these stocks were 
currently available for the purpose. In a sense, therefore, a random sample of 
reciprocal translocations involving the long arm of chromosome 10 was tested. 
The fact that all three structural changes caused similar changes in R’ action 
suggests the possibility that the level of pigment-producing action of R’ and 
sensitivity of the allele to paramutation in stippled heterozygotes, are functions 
of components widely distributed in the long arm of chromosome 10, and possibly 
in chromosomes 2, 4, and 9, also. The immediate effect on R’ action arises, how- 
ever, from a change induced at the R locus itself, since enhancement of pigment- 
producing action and comparative insensitivity to paramutation in stippled 
heterozygotes are retained by R’ when the latter is returned, by crossing over, 
from any one of' the three reciprocal translocations to a structurally normal 


chromosome 10. 


SUMMARY 


1. The effects on R" aleurone pigment production and sensitivity of R’ to 
paramutation in stippled (R*‘) heterozygotes of the reciprocal translocation 
T9-10a (9L.14 and 10L.92) are reported. The breakage point in chromosome 10 
in T9—10a is distal to R, and gives about five percent recombination with the locus 
in translocation heterozygotes. Before the experiments were begun the R’T9-10a/ 
r’ stock employed had been maintained in this form for two generations following 
introduction of R’ into T9-10a, by crossing over, from a structurally normal 
chromosome 10. 

2. Such R*T9-10a/r’ plants, when testcrossed on r’r females (colorless 
aleurone), show a significantly enhanced potential for aleurone pigmentation, as 
compared with structurally normal R’r’ individuals, similarly tested. 

3. Rin an R'T9-10a/R" plant is relatively insensitive, although not entirely 
refractory, to paramutation, in marked contrast to the allele in an ordinary 
stippled heterozygote (R’R*‘). 

4. The comparative insensitivity of R’ to paramutation shown in R’T9-10a/ 
R*' heterozygotes persists for at least one generation after R’ is returned by cross- 
ing over from a T9-10a to a structurally normal chromosome 10, as judged by 
the testcross results with the single crossover plant of this kind encountered in 
the present experiments. 

5. The paramutagenic action of the stippled allele in heterozygotes with R’ 
is altered little, if at all, by insertion of R** into a T9-10a chromosome. 

6. The proximate cause of the heritable change in R’ action effected by 
T9-10a is a paramutable chromosome component at or near the R’ locus. 

7. The effects on R’ action of T9-10a, which involves a break in chromosome 
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10 distal to the R locus, are parallel to those previously reported for T2—10a and 
T4—10b, in both of which the breakage points are proximal to R’. This fact shows 
that the intrachromosomal system conditioning R’ action extends, in both direc- 
tions, considerably beyond the R locus itself. 
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T HE unexpected composition of the progeny of a triploid plant of the Red 

Cherry variety of tomato (Lycopersicon esculentum) attracted our attention 
to the possibilities of greater tolerance of aneuploidy in primitive than in highly 
selected horticultural varieties. Previous experience with the latter varieties 
revealed striking morphological manifestations, reduced vigor, and decreased 
fertility caused by a single extra chromosome and an upper limit of three extra 
chromosomes tolerated (LEsLEy 1928; Rick and Barton 1954). 

Progenies in the following studies were derived from open pollination of 
polyploids or from crosses between the polyploids and diploid staminate parents 
of the corresponding variety. For the intended comparisons the nature of the 
pollination is inconsequential since the rate of transmission of extra chromosomes 
through tomato pollen is negligible. 

Triploid plants of Red Cherry had been sought as a source of specific primary 
trisomics of that variety, and one triploid was found as an unfruitful plant in a 
commercial culture in San Diego County in October, 1958. From 51 fruits that 
were naturally set on this plant, approximately 200 seeds were harvested, and 
the progeny were grown in 1959. Following our procedures for raising trisomic 
stocks and F, hybrids, we sowed the seeds in a greenhouse culture, later trans- 
planted the seedlings to nursery flats, and, before transplanting to the field, 
discarded 23 plants of greatest vigor. Identification of trisomics of large-fruited 
tomatoes in the seedling stage, learned from ten years experience, has proven 
highly effective in greatly reducing the proportion of undesired diploids. Separa- 
tions of such trisomics as triplo-1,2,8,9, and 10 are often 100 percent accurate as 
verified by the phenotypes of subsequently developed mature plants. It was 
unfortunate, however, for purposes of the present study that any seedlings had 
been eliminated, for further experience cast doubt on the accuracy of seedling 
identification in this variety. 

As the retained members of this family grew in the field, phenotypic identifica- 
tion of trisomic types was attempted, but without success. Previous research 
(Lestey 1928; Rick and Barron 1954) showed that each tomato chromosome in 
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triplicate conditions such a distinct syndrome of morphological changes that each 
of the 12 primary trisomics of large-fruited tomatoes can be easily identified, 
even in complexly segregating populations. To the contrary, within the Red 
Cherry family, deviations from diploid morphology were not so strongly ex- 
pressed and many plants were encountered with atypical associations of 
characters. 

Chromosome counts were next made in an attempt to solve the problems pre- 
sented by this population. Most of the counts were made in acetocarmine smears 
of PMC’s, but for plants of greatly reduced vigor it was necessary to make 
counts in mitotic figures of shoot meristems and leaf primordia prepared accord- 
ing to BALDwIn’s (1939) technique. Contrast was enhanced by mordanting with 
four percent iron alum following fixation in both methods and preceding HCl 
hydrolysis in the latter method. As the counts were made, the source of identifica- 
tion difficulties soon became apparent: 29 of the 55 retained plants were multiply 
trisomic, 25 were singly trisomic, and only one was diploid. The average vigor of 
plants with two and even three extra chromosomes was far greater than that 
noted previously in var. San Marzano and other large-fruited tomatoes. The 
survival of a single plant with four extra chromosomes was unmatched by any 
previous experience in tomatoes (Table 1). 

With the aid of exact chromosome counts, classification of the single trisomic 
plants was simplified, although morphological deviations of several of the plants 
were so slight or atypical that they could not be typed accurately. A precise 
comparison between Red Cherry and other tomatoes in the degree of morpho- 
logical deviation resulting from trisomy was not attempted. Though worthwhile, 
such a study would entail quantitative comparisons in replicated plantings of 
elaborate scale. Even though such data have not been obtained it can be stated 
with assurance that extra chromosomes cause far less anatomical modification in 
Red Cherry than in large-fruited tomatoes. 


TABLE 1 


Frequencies of transmission of extra chromosomes to the progeny of triploids and multiple 
trisomics of two tomato varieties 








Progeny of triploids Progeny of multiple trisomics 
Chromosome San Marzano* Red Cherry San Marzano Red Cherry 
number No. Percent No. Percent No. Percent 0. Percent 
2N 303 38.7 26+ 27.6 310 88.3 72 51.4 
QN + 1 342 43.7 32 34.0 39 11.1 52 RY 
QN + 2 131 16.7 95 26.6 2 0.6 16 11.4 
2N + 3 7 0.9 10 10.6 > te on “es 
QN + 4 ! 1 1.1 és ince 
Total 783 a 94 AS 351 we 140 
Heterogeneity 
Chi-square 50.28*** (5 d.f.) 84.67*** (3 df.) 





* Data of Rick and Barton (1954). 
+ Twenty-three of these plants were discarded before planting time, probably including some trisomic individuals (see 


text). 
*** Significant at 0.001 level. 
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In the 1960 season another family of the same parentage was grown, which 
was secured from a clone of the original triploid plant. This new family, from 
which no seedlings were eliminated, included seven single trisomics, three 
doubles, four triples and only two diploids. The low frequency of diploids lent 
support to the belief that the seedlings discarded in 1959 probably included many 
with unbalanced chromosome number. 

The combined data of both triploid progenies are presented in Table 1 in com- 
parison with similar statistics for the progeny of San Marzano triploids obtained 
by Rick and Barton (1954). The 23 uncounted Red Cherry seedlings are 
arbitrarily classified as diploids. Such treatment provides the greatest possible 
bias toward least tolerance of extra chromosomes. If, in spite of such bias, a 
statistical difference can be proved, any extra chromosomes that might have 
been present in the discarded lot would have served only to reinforce the 
difference. A heterogeneity x* test, in fact, reveals a highly significant difference 
between the two sets of data. Extra chromosomes are therefore better tolerated by 
Red Cherry than by large-fruited varieties. 

Higher transmission is also encountered in the offspring of multiply trisomic 
plants of Red Cherry. In 1960 three complete families were grown, each repre- 
senting the natural progeny of plants having 26, 26, and 27 chromosomes. In 
previous years progenies were grown of 19 plants with 26 chromosomes and one 
with 27 in var. San Marzano. The tallied data are presented in Table 1. Plants 
with two or more extra chromosomes are considered as one group and entered 
as 2N + 2. The difference, again highly significant statistically, reveals a higher 
transmission in Red Cherry. Single trisomics were proportionally more than three 
times, and multiple trisomics nearly 20 times as abundant in the Red Cherry 
progenies. The following composition of a typical Red Cherry family (60L684, 
the progeny of a triple trisomic) might be of interest: 18 diploids, five triplo-4, 
six triplo-10, five triplo-12, and 12 multiple trisomics. 

Another feature common to the Red Cherry triploid and multiple trisomics and 
different from that of San Marzano polyploids is the higher fertility of the 
former. Whereas the mean number of normal seeds per fruit from the Red Cherry 
triploid was four, the corresponding count for San Marzano triploids is 0.5. 
Relatively large progenies were obtained from naturally set fruits of Red Cherry 
multiple trisomics whereas much smaller progenies were yielded from com- 
parable plants of San Marzano, despite attempts to improve yields by hand 
pollination. Finally, progeny were obtained from five triple trisomics of Red 
Cherry whereas the total issue of numerous plants of San Marzano with the same 
chromosome number was only three plants. 

Cytological abnormalities were frequently observed among the plants with 
higher chromosome numbers. Three plants, two having 26 and the other having 
27 chromosomes, exhibited asynapsis. Nearly all chromosomes were unpaired at 
the first meiotic division in the former two plants, while those of the latter were 
paired to a variable extent. Spindle abnormalities in the majority of the sporocytes 
were characteristic of the single plant with 28 chromosomes; as many as five 
spindles and nine polar groups were counted in its second meiotic division figures. 
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Abnormal meiotic products were associated with strong clumping of chromosomes 
in the first division of another double trisomic. These distinctive abnormalities 
might have been caused by unbalance for particular combinations of chromo- 
somes or they might be a general property of greater unbalance in tomatoes. The 
available facts do not give a clue as to the more likely of these alternative 
explanations. 


DISCUSSION 


The literature reveals little knowledge of genetic influence on tolerance of extra 
chromosomes. The fact that most studies on trisomics have been conducted with 
a single genotype or closely related genotypes of a species accounts for the 
paucity of such data. Comparisons cannot readily be made therefore between the 
trisomic series established in the highly selected cultigens, Antirrhinum, 
Matthiola, Spinacea, and Zea and those found in wild or primitive forms of 
Datura, Nicotiana, and Oenothera. More comparable, however, are the two series 
in Hordeum—one established from translocation heterozygotes in a cultivated 
variety of H. vulgare by RamaceE (1960) and the other from triploids in wild 
H. spontaneum by Tsucutya (1958). Vigor, fertility, and transmission of extra 
chromosomes were higher in the latter. An unexpected disagreement with the 
tomato findings is provided by the stronger expression of trisomic phenotypes 
in wild barley. Although Tsucurya (1960) attributes the higher sterility in the 
cultivated series mainly to cytological abnormalities resulting from transloca- 
tions, the low fertility found in trisomics that were recently derived from triploid 
cultivated barley by other workers (RaMAaGE, personal communication) reveals 
that genotype is a more important factor. 

In tomatoes Soost (1958) has revealed a remarkable exception to the pre- 
viously understood tolerance of extra chromosomes in tomatoes. He synthesized 
sesquidiploid hybrids with two sets of L. esculentum and one of L. peruvianum 
chromosomes and, in their first and second generation progeny, discovered plants 
with nearly the complete range of numbers from diploid to triploid. Within the 
limits of the small families studied, all unbalanced types appeared to survive. 
This tolerance is attributed to either a characteristic of the wild parent or 
hybridity. Such indifference to extra chromosomes has been matched in higher 
plants only by such wild forms as Collinsia heterophylla (DHILLON and GARBER 
1960) and Clarkia unguiculata (Moortnc 1960). 

Although tolerance of chromosomal unbalance in the above examples has been 
attributed to various causes, they share a common element: a wild or primitive 
genotype. Primitiveness also provides the most reasonable explanation for toler- 
ance of extra chromosomes in the present example. Red Cherry is the oldest 
among currently cultivated tomato varieties. Although somewhat ameliorated 
beyond the feral var. cerasiforme, it is a much closer approximation of the latter 
than of the large-fruited cultivated sorts. 

Primitive or wild forms undoubtedly possess such tolerance as part of their 
plasticity and ability to withstand various unfavorable situations. L. esculentum 
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var. cerasiforme is a familiar and outstanding example of an aggressive, weedy 
form, which has spread rapidly and become established throughout the tropics of 
the world. Despite widespread cultivation, the large-fruited tomatoes have a 
comparatively poor record for escape and establishment in the wild. As to the 
fundamental causes and a more explicit genetic explanation for extra-chromo- 
somal tolerance, only calculated guesses can be made. It would be of interest in 
this connection to test the tolerance of several recognized wild tomato species. 

The limits of chromosomal unbalance in the tomato are most likely determined 
by sporophyte viability. Although many unbalanced gametes are inviable, the 
detectable abortion of embryo sacs cannot nearly account for the infertility of 
triploids. The extreme weakness of plants having the highest aneuploid chromo- 
some numbers is itself good evidence of zygotic elimination. 


SUMMARY 


Plants of the tomato variety Red Cherry tolerate more extra chromosomes than 
those of large-fruited varieties, as verified by statistical differences in the progeny 
of triploids and of multiple trisomics. Fertility is likewise less reduced and gross 
morphology less modified by aneuploidy in this variety. Based on these findings 
and others reported in the literature, this tolerance is attributed to the greater 
viability and plasticity of wild or primitive races. 
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Bear Hybrids Corn Co. Ghostley’s Poultry Farm Marlborough Road 

Decatur, I1].—1950 Anoka, Minnesota—1956 Glastonbury, Connecticut—1950 
Bristol Laboratories, Inc. Greenwood Seed Company Northrup King & Co. 

P. O. Box 657 Greenwood Farms Minneapolis 15, Minn.—1957 
Syracuse 1, New York—1957 Thomasville, Georgia—i959 Pfister Associated Growers, Inc. 
W. Atlee Burpee Co. Kimber Farms, Inc. Aurora, I1].—1957 

Philadelphia 32, Pa.—1950 Niles, California—1953 Pioneer Hi-Bred Corn Co. 


Colonial Poultry Farms, Inc. Johnston, Iowa—1949 


Pleasant Hill, Missouri—1958 
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